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A pilot-scale 3 by 3 factorial experiment tested three soil organic matter fractions (1.6%, 4.6% and 
6.9%) and three depths (18-inch, 30-inch and 48-inch) to determine the effectiveness of an 
engineered biofiltration soil medium for removal of nitrogen, phosphorus, copper, and zinc from 
synthetic stormwater.  Greater depth is used as an analog for longer hydraulic retention time.  Mean 
total dissolved nitrogen removal efficiency was very low (ranging from -9% to 31% amongst 
treatments) with a mean removal efficiency of 12% (s = 30%), indicating the need for additional 
measures to enhance nitrogen removal.  Total dissolved phosphorus, dissolved copper, and 
dissolved zinc were removed effectively by all soil treatments, with mean removal efficiencies of 
82% (s = 19%), 79% (s = 8%), and 98% (s = 1%), respectively. 
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Chapter 1: Introduction 
1.1 Background 
Green infrastructure practices, such as biofiltration and bioretention, use engineered porous 
soil media and vegetation to reduce stormwater flow to sewer systems, while also utilizing 
physical, chemical, and biological processes to remove common pollutants such as nitrogen (N), 
phosphorus (P), and heavy metals (Hager et al. 2019).  Despite over two decades of experience 
with these low impact design (LID) approaches to stormwater management, the treatment 
effectiveness of passive systems is highly variable. 
There are many case studies in the literature that assess the functionality of operational 
bioretention systems.  Some bioretention cells have proven to perform better than others for both 
runoff volume reduction and pollutant removal.  These variations are due to many factors including 
installation design, soil media composition, and bioretention cell depth (Line et al. 2012).  
Environmental conditions such as a seasonally high groundwater table (Brown et al. 2012), 
frequency and intensity of rainstorms, watershed area, nutrient concentrations, and nutrient sources 
(Yang and Lusk 2018) also cause variability amongst bioretention systems.  Some studies report 
bioretention reductions in pollutant concentrations from influent to effluent, while others report 
load reductions.  This is an important distinction because a properly functioning bioretention 
system should reduce stormwater quantity through infiltration and evapotranspiration (ET) (Hager 
et al. 2019).  If stormwater volume is reduced, then the pollutant loads to the surrounding 




1.1.1: Case Studies 
Table 1 illustrates the results of selected bioretention system case studies.  Typically, 
studies measure N and P as total nitrogen (TN) and total phosphorus (TP), in both the particulate 
and dissolved phase.  It is generally accepted that the particulate-bound portion of these pollutants 
are effectively removed by filtration of solids within the bioretention system.  Many studies have 
reported total suspended solids (TSS) removal efficiencies greater than 90% (Hatt et al. 2007, Line 
et al. 2012, Shrestha et al. 2018).  Certain studies also put emphasis on different forms of these 
pollutants and might measure nitrate (NO3
1-), ammonium (NH4
1+), and phosphate (PO4
3-).  Hunt 
et al. (2006) and Line et al. (2012) both measured pollutant load removal efficiencies from two 
bioretention practices, while Brown et al. (2012) only measured pollutant load removal efficiencies 
from one bioretention practice.  The negative TP removal, indicating more TP coming out of the 
system than entering, was deemed by the authors to be due to soils in that bioretention system 
having a high P-index (Hunt et al. 2006).  The reason there was an increase in NH4
1+ load (albeit 
a small increase) was thought to be because an anaerobic zone formed in the bioretention cell 
making nitrification unlikely to occur (Hunt et al. 2006).  However, ammonification of organic N 
to NH4
1+ was still able to proceed.  A high P-index means that the soil is saturated with P.  Higher 
load exports of NO3
1- were attributed to inputs of NO3
1- from baseflow groundwater and fertilizer 
inputs from vegetation potting soil (Brown et al. 2012, Line et al. 2012). 
Table 1: Selected case study pollutant removal results 
 
Bioretention Case Studies TN NH4 NO3 TP
Hunt et. al. 2006 40% -1% 75% -240%
Hunt et. al. 2006 40% 86% 13% 65%
Brown et. al. 2012 49% 93% -21% 51%
Line et. al. 2012 57% 77% 70% 45%





Hunt, et al (2008) investigated two bioretention sites in North Carolina and found that one 
reduced TN and TP concentrations by 32% and 31%, respectively, while the other site reduced 
concentrations by 54% and 60%.  A study of another bioretention practice in NC (Brown et al 
2012) showed effective TN and TP total load removals (Table 1), but actually produced greater 
TN and TP concentrations in the effluent than the influent.  This is a phenomenon seen in other 
bioretention case studies (Mangangka et al. 2014) that reduce stormwater runoff volume via 
infiltration and ET, and consequently reduce their pollutant load export, but not the effluent 
pollutant concentration.  Chapman and Horner (2010) reported that a bioretention system in 
Maryland reduced TN and TP concentrations by 63% and 67%, respectively.  Lucke and Nichols 
(2015) investigated a street-side bioretention system in Queensland, Australia that had been in 
operation for 10 years.  They found high (92%) removal of TP for doses greater than or equal to 
typical Australian stormwater pollutant concentrations, however, the TN removal was much lower 
(14%).  Another study in Queensland, Australia (Mangangka et al. 2014) showed a mean increase 
of TN and NO3
1- concentrations between the influent and effluent samples, while reductions of 
TP, TSS, and NH4
1+ were observed.  The increased nitrogen concentrations (negative removals) 
were attributed to a lack of denitrification that would convert NO3
1- to nitrogen gas (N2). 
1.1.2: Recommended Practices 
Increased attention to soil, vegetation, and construction design elements is needed in order 
to provide greater predictability and reliability for stormwater treatment.  Studies have shown that 
different soil media characteristics can influence the pollutant removal.  Most studies agree that a 
highly permeable biofiltration soil medium (BSM) of mostly sand is preferable (Davis et al. 2010, 
Paus et al. 2014, Yang and Lusk 2018, Hager et al. 2019).  Sand BSMs have high hydraulic 




York State Department of Environmental Conservation (NYSDEC) Stormwater Design Manual 
(SWDM) requires bioretention practices to have a hydraulic conductivity of 0.5-2 in/hr and be 
comprised of approximately 60% sand (NYSDEC 2015).  Furthermore, the SWDM states that 
bioretention practices shall drain within 24 hours.  Therefore, it is not desirable for a bioretention 
practice to have a large percentage of fine particles (silts and clays) as the hydraulic conductivity 
will be low.  However, it is important to have some clay in the BSM to provide exchange sites for 
cations (i.e. Cu, Zn) to adsorb and be removed from solution (Hsieh and Davis 2005). 
Another important reason for having clay in a BSM is to provide more nutrient and water 
holding capacity for plant growth (Hsieh and Davis 2005).  It is also considered desirable to have 
a BSM that contains a relatively high level of organic matter to promote plant growth, allow for 
higher water holding capacity, and provide functional groups for increased cation exchange 
capacity (CEC) (Paus et al. 2014, Mullane et al. 2015, Wan et al. 2017).  A common BSM 
amendment to provide organic matter is compost, and typical ranges of compost by volume are 10 
to 50% in a BSM (Paus et al. 2014).  However, the NYSDEC SWDM states that no compost shall 
be used in a bioretention practice, as organic matter can leach nutrients (NYSDEC 2015, Iqbal et 
al. 2015). 
1.1.3: Column Studies 
TN and TP removal in controlled column studies has proved to be highly variable.  Sickles 
et al. (2007) compared nutrient removal amongst mixtures with varying amounts of sand, topsoil, 
clay, and compost.  The study found the lowest TP removal percentages occurred from mixes with 
greater amounts of compost and topsoil; the greatest TN and TP removal was from the 100% sand 




performed the best at removing TN, TP, Cu, and Zn, while sandy loam amended with compost and 
mulch leached a significant amount of N and P and removed a lower percent of Cu and Zn.  
Mullane et al. (2015) used a sand and compost BSM and observed leaching of TN, TP, and Cu 
from their column study.  Wan et al. (2017) compared sand and soil mixtures amended with 
vermiculite (a clay) and wood chips.  The vermiculite mix had very little effect on TN removal, 
while the vermiculite/wood chips mixture and wood chips alone had a significant reduction in TN 
concentrations.  This affirmed the importance of having a carbon source available in the BSM to 
provide electron exchange necessary for denitrification (Wan et al. 2017).  Shrestha et al. (2017) 
used a soil amended with a sorbtive material containing iron (Fe) and aluminum (Al) to improve 
TP retention.  The sorbtive material removed TP more effectively than pure sand, which resulted 
in TP being exported from the bioretention cells.  The study also showed that TN (-14 to 57%) and 
NO3
1- (-46 to 55%) removal efficiencies were highly variable.  The negative removal efficiencies 
for both TN and TP were attributed to leaching organic N and P from excess compost. 
1.1.4: Effect of Vegetation 
Vegetation can improve nutrient removal efficiency through root uptake to support plant 
growth.  Typically, researchers test grasses in their column studies.  Lucas and Greenway (2008) 
compared barren soil columns to columns planted with P. alopecurioides, D. brevipedunculata, B. 
integrefolia, and C. pachyphyllus.  The vegetated columns in this study consistently outperformed 
the barren columns for TP, TN, and NO3
1- removal percentages.  Palmer et al. (2013) showed that 
vegetated soil columns with Carex flacca were more effective than barren columns at removing 
TN, NO3
1-, and TP.  Additionally, the species of plant used in biofilters has been shown to yield 
differing pollutant removal results (Fletcher et al. 2007, Zinger et al. 2013, Wu et al. 2017).  




Only one plant species (Carex appressa) significantly reduced effluent TP concentrations 
compared to barren soil, while four (C. appressa, D. revoluta, M. stipoides, and M. ericifolia) out 
of five (L. brownie) species of vegetation reduced effluent TN concentrations.  Wu et al. (2017) 
tested columns planted with Z. matrella against columns planted with both Z. matrela and I. 
pseudacorus.  The columns planted with both plant species resulted in significantly lower TN, 
NO3
1-, NH4
1+, and TP effluent concentrations.  This difference was attributed to the dense root 
structure of I. psuedacorus. 
1.1.5: Effect of Depth 
Another factor to take into consideration when designing bioretention practices is the depth 
of the bioretention cell.  There are varying accounts of the effect of depth in literature, and design 
guidance varies from state to state.  The SWDM (NYSDEC 2015) specifies that bioretention 
systems range from 2.5 to 4 feet deep.  A column study by Hatt et al. (2008) showed that the 
majority of TN, TP, Cu, and Zn in the applied water was removed within the top 10 cm of the soil 
column with minimal reductions thereafter.  In fact, TP concentrations began to increase with 
increased depth after the initial reduction at 10 cm, suggesting some organic P leaching from 
compost in the upper layers.  As organic matter decomposes, organic P can dissociate and become 
available to be exported from soil media as water percolates through the cell (Paus et al. 2014).  
An increase in nitrate was also seen with an increase in depth, but this is more likely explained by 
the conversion of ammonium to nitrate (i.e., nitrification).  Fletcher et al. (2007) determined that 
there was no significant effect of depth on TP or NH4
1+ removal, but there was net production of 
NO3
1-.  This supports an approach that the primary mechanism for TP removal is sorption to soil 
minerals such as Fe and Al.  Brown and Hunt (2011) reported load reductions of TN, TP, and TSS 




82%, respectively in 0.9 m deep cells.  The increased removal of TP and TSS may be due to 
increased depth (hydraulic retention time) that resulted in reduced runoff volume reduction of 42% 
in the 0.9 m deep cells, while the 0.6 m depth decreased runoff volume by 31%. 
1.1.6: Effect of Denitrification 
A final design component to many bioretention practices is the incorporation of an internal 
water storage zone (IWSZ).  An IWSZ is designed in many bioretention practices to create an 
anaerobic zone to promote increased TN removal by converting nitrate to N2 (Kim et al. 2003).  
Lopez-Ponnada et al. (2020) observed an average TN removal of 44% from a conventional field-
scale bioretention system, compared to an average TN removal of 77% from a similar system that 
incorporated an IWSZ.  Manka et al. (2016) studied 10 operational bioretention systems and 
observed that nitrate export occurred only at sites that were lacking an IWSZ.  Retrofitting an 
IWSZ to existing soil columns enhanced TN removal in all treatments in a study by Zinger et al. 
(2013). 
1.1.7: Heavy Metals 
In addition to nutrients, heavy metals are an issue for improving stormwater runoff water 
quality.  The SWDM specifies Cu, Zn, and lead (Pb) as three heavy metals of concern in urban 
stormwater (NYSDEC 2015).  These pollutants are of concern due to their many sources, toxic 
effects on aquatic organisms, and their persistence in the environment (Paus et al .2014, LeFevre 
et al. 2015).  Unlike N and P sources in urban stormwater, which are primarily attributed to lawn 
fertilizers, leaf litter, grass clippings, soil weathering, and atmospheric deposition (Davis et al. 
2010, LeFevre et al. 2015, Yang and Lusk 2018), heavy metals in stormwater occur from man-




engine oil (Davis et al. 2001, Paus et al. 2014).  Heavy metals are generally particulate bound 
rather than dissolved in solution and are efficiently removed with TSS through filtration 
mechanisms (Hatt et al. 2007, Chapman and Horner 2010, LeFevre et al. 2015).  Dissolved heavy 
metals can also be effectively removed through sorption to soil and organic matter (Paus et al. 
2014, LeFevre et al. 2015). 
1.2 Project Need 
The NYSDEC is currently in the process of updating the SWDM.  Due to repeated 
hydraulic failures due to poor soil mix design and the uncertainty about pollutant treatment of 
bioretention practices, enhanced soil mix specifications for bioretention systems are the focus of 
this project.  This project is focused on identifying an improved soil mix design that reduces the 
risk of hydraulic failures due to clogging while improving the pollutant removal effectiveness of 
biofiltration. 
1.3 Research Objectives 
This study is part of a three-year long study that is being funded by New York State Energy 
Research and Development Authority (NYSERDA) to help the NYSDEC revise its SWDM.  The 
main goals of the project are to provide the NYSDEC with a new specification for a bioretention 
soil mix and realistic estimates for runoff volume reduction rates and pollutant removal rates. 
The goal of this thesis study is to determine the effect of BSM organic matter content and 
hydraulic retention time on the removal of pollutants (N, P, Cu, and Zn) using field-scale soil 
columns.  Hydraulic retention time will be evaluated by using three different soil column depths 
under constant hydraulic flow rates.  As the seepage rate is expected to be constant, it is expected 




The effect of organic matter content on treatment will be determined using three different 
organic matter fractions (OMFs).  An expectation of this treatment is that there will be greater 
pollutant removal from bioretention cells with the lower OMF and less removal from the high 
OMF columns.  This prediction is based on the many reports showing increased N, P, and Cu 
leaching from soils containing organic matter, and specifically compost (Jay et al. 2019, Mullane 
et al. 2015, Paus et al. 2014). 
Analyzing the runoff reduction volume, while very important to the NYSDEC and to 
bioretention practices in general, was not a research objective of this thesis project.  The “runoff” 
in this study was confined to HDPE soil columns with a PVC outlet pipe, so no exfiltration to 
surrounding soils could occur.  The soils installed in the study were very porous (approximately 
5% fines) so ponding did not occur until late in the season (October and November 2019).  Since 
there was no ponding and no vegetation, runoff reduction through ET could not occur.  The change 
in soil moisture would account for the only runoff volume reduction, but since sand has very low 
water holding capacity this volume of runoff reduction is almost negligible. 
Chapter 2: Materials and Methods 
2.1 Site Location 
The project site is in Syracuse, New York at the State University of New York College of 
Environmental Science and Forestry (SUNY-ESF) Lafayette Road Experiment Station.  The field 
station is located within five miles south of the main SUNY-ESF campus.  The experiment was 
constructed in an open space that receives natural precipitation.  Potable water supply is available 




2.2 Experimental Design 
 This study is a field-scale column experiment using 24”-diameter corrugated smooth-
walled HDPE culvert pipes (Figure 1) as a treatment unit.  The soil columns and frames were 
constructed during the summer of 2017.  The design is a 3 (OMF) by 3 (depth) factorial.  Each 
treatment is replicated three times to bring the total number of columns to 27 (Figure 2).  The OMF 
treatments based on the as-delivered soil are as follows: “Low” = 1.6%, “Medium” = 4.6%, and 
“High” = 6.9% by mass (mass loss on ignition).  The depth treatments are 18,” 30,” and 48.”  Six 
inches of a pea gravel drainage layer were placed on the bottoms of all the columns, with a 
geotextile material placed on top of the gravel to minimize loss of sand and fines from the columns.  
Figure 3 shows a schematic of a cross-section of a 48” column. 
 





Figure 2: Column arrangement at field test site 
 




2.3 BSM Specification 
Washed concrete sand, topsoil, clay, and compost were custom blended to achieve particle 
size distribution in specified in Table 2, which is intenteded to yield a hydraulic conductivity of 
two inches/hour.  The BSMs were blended by Eastcom Sand & Gravel in Constantia, NY.  The 
compost, which is derived from food waste and yard waste feedstocks, was obtained from the 
Onondaga County Resource Recovery Agency (OCRRA).  The organic matter content of the 
compost is 54% (dry weight), according to OCRRA’s product quality testing (Appendix A).  The 
design target BSM particle size distribution versus the as-delivered particle size distribution is 
shown in Table 2: Biofiltration soil mix particle size distribution (mass.  This design target 
specification was determined from previous unpublished (Healey 2018) that identified an optimum 
media mix to achieve a target hydraulic conductivity of two inches/hour (2 in/hr). 
Table 2: Biofiltration soil mix particle size distribution (mass basis) 
 
Soil was placed in the columns in 6-inch lifts using a bucket loader.  A hand tamper was 
used to lightly compact each soil layer before placing the next layer.  The soil installation was 
completed in September 2018 and the columns were left undisturbed through the winter of 2018-
2019.  Soil in columns was observed to have settled from natural consolidation approximately 1-
Particle Size Design Target As-Delivered
Very Fine Pebbles - 23%
Very Coarse Sand 37% 11%
Coarse Sand 13% 11%
Medium Sand 26% 21%
Fine Sand 19% 21%






2 inches from the time of install to the beginning of the irrigation events.  The top of the culvert 
pipe is open, leaving the soil surface exposed to rainfall and solar radiation (Figure 4).  As this is 
part of a multi-year study, the columns were unvegetated throughout 2019 to determine baseline 
conditions for pollutant removal effectiveness of the BSM without the added variability of plants. 
 
Figure 4: Top view of columns showing BSM surface and irrigation tubing w/ drip emitters 
The particle size distribution (Table 2) and hydraulic conductivity were determined for the 
as-delivered soil.  The particle size distribution was determined using a sieve analysis (ASTM 
D6913/D6913M-17) on a dry mass basis.  Sieve analyses were also performed on the individual 
constituents (Appendix B) of the BSMs prior to mixing to determine mix ratios (washed concrete 




tolerance limits.  The largest discrepancy was found in the very coarse sand (VCS) and pebble 
fractions.  The combined mass ratios of pebbles and VCS in the as-delivered mix (34%) is close 
to the VCS target range (37%).  Only the Low OMF soil medium was tested for its soil particle 
size distribution since an adequate volume of neither the Medium nor High OMF soil media were 
left after soil installation.  The hydraulic conductivity was tested using the KSAT instrument and 
software (METER Group).  The hydraulic conductivities of the three BSMs were within an 
acceptable range of the 2 in/hr target. 
 The BSMs were specified to have the same particle size distribution; compost (54% organic 
matter) was mixed into the blended soils on a volumetric basis.  The as-delivered soils were then 
tested for organic matter content by mass loss on ignition (Table 3).  The volume of each material 
used in the BSMs were ordered to be custom blended by the contractor in units of cubic yards 
(Table 4). 
Table 3: Biofiltration soil medium organic matter content 
 







Low OMF 5 1.64
Med OMF 10 4.64
High OMF 15 6.89
BSM
Washed 
Concrete  Sand Topsoil Clay Compost
Low OMF 2.9 0.3 0.3 0.6
Med OMF 2.4 0.25 0.25 1.2





2.4 Monitoring Instruments 
 Monitoring equipment was deployed at the field site in May 2019.  A Davis Instruments 
Vantage Pro2 weather monitoring station was used to record precipitation, air temperature, wind 
speed, and solar radiation.  METER Group soil moisture sensors and data loggers (5TM & EC5; 
EM50 &ZL6) were used to record soil moisture in all columns and soil temperature in one column 
per set of three replicates (only 5TMs recorded soil temperature).  Soil moisture sensors were 
placed eight inches (8”) below the soil surface.  Effluent samples were measured for dissolved 
oxygen (DO) concentration (Extech Instruments Exstik DO600) and pH (Hanna Instruments HI 
99121) during sampling events.  Influent and effluent flow rates were measured using a stopwatch 
to record the time required to fill one 125 mL Nalgene bottle.  In November 2019, soil columns 
were tested for soil resistance (compaction) using a DICKEY-john® 11001-1296-201701 Rev B 
Soil Compaction Tester. 
2.5 Irrigation System 
 Irrigation of the soil columns was performed with a synthetic stormwater (Table 5) 
generated on-site by mixing reagent grade compounds with potable water in two 1100-gallon 
tanks.  The target influent concentrations were selected to reflect four (4) times the national median 
stormwater concentrations in accordance with the SWDM (NYSDEC 2015).  Reagent grade 
sodium metabisulfite was added to the synthetic stormwater to eliminate chlorine residual in 
synthetic stormwater.  Chemical compounds were weighed on an analytical scale (Fischer 





Table 5: Compounds used to control levels of added pollutants in the synthetic stormwater 
 
Two 1,100-gal HDPE tanks (Norwesco Tank Depot N-40707, 87” diameter) held the 
synthetic stormwater (Figure 5).  A booster pump (Grundfos CMBE 1-44, 8.8 gpm) maintained 
constant pressure of 25 psi on the irrigation system.  Irrigation lines (Figure 4) were equipped with 
0.5 gph pressure-compensating drip emitters (Rivulis Supertif D005).  Garden hose lines 
recirculated water from the booster pump back to the tanks to ensure complete mixing. 
 












Nitrogen-NO3 KNO3 2.00 0.53
Nitrogen-NH4 CO(NH2)2 6.00 1.47
Phosphorus KH2PO4 1.00 0.26
Copper CuSO4 0.046 0.011




Considering that the BSM saturated hydraulic conductivity (ks) is 2 inches/hour and the 
columns are two feet in diameter, an initial irrigation flow rate of 4 gallon/hour (gph) was applied.  
Based on the diameter of the soil columns, this equates to a column hydraulic loading rate of 
approximately 2 inch/hour.  This loading rate was chosen because it matches the design target 
hydraulic conductivity of the BSM.  With a BSM porosity (n) of 0.5 m3/m3, the seepage velocity 
(ks/n) would be 4 inch/hour.  Based on this seepage velocity, the time for one pore volume of water 
to pass through the columns was calculated (Table 6).  After Trial 3, the column flow rate was 
halved to approximately 2 gph as the seepage rate appeared to be greater than 4 in/hr. 
Table 6: Estimated pollutant travel time based on the assumptions of a porosity of 0.5 and seepage velocity of 4 in/hr 
 
 The SWDM recommends sizing stormwater control measures based on a water quality 
volume (WQv) for a given drainage area (NYSDEC 2015).  The WQv is a function of the 90% 
rainfall event, percent of impervious area, and the total drainage area.  The 90% rainfall for 
Onondaga County is one inch per 24-hour time period.  The bioretention system area is then 
calculated using the WQv, ks, depth of bioretention system, average depth of ponding, and time to 
drainage.  This typically results is bioretention areas sized at 1-2% of the total drainage area.  The 
resulting hydraulic loading rate to the bioretention area is approximately 2.1 inch/hour.  This 
confirms that the chosen column flow rate is justifiable.  







2.6 Sampling Plan 
 Ten sampling events (hereafter referred to as “trials”) were executed from June through 
November 2019.  Trials are numbered in order of date performed.  There were pollutant removal 
variations among trials, which could be attributed to a multitude of factors.  Uncontrolled sources 
of variation include antecedent rainfall, soil and air temperature.  Variables that were under our 
control included length of time between trials and hydraulic flowrate.  Cu and Zn were not mixed 
in the synthetic stormwater for Trials 1-3, and thus were not analyzed in those trials.  In Trials 1-
6, two effluent samples were collected from each column; however, in Trials 7-10, three effluent 
samples were collected from each column.  The 2-3 samples collected from the same column 
within a trial will hereafter be referred to as sampling times.  The samples were collected using 
125 mL Nalgene bottles.  The first sample was collected shortly after (15 minutes) steady drainage 
was observed flowing from column outlet pipes.  The goal was to collect the second sample after 
approximately one pore volume of influent water passed through the columns (Table 6).  The third 
sample was to be collected at the end of the irrigation trial. 
A sample identification (ID) plan was created to label sample bottles and assign a unique 
code and a specific integer to each soil column.  The BSMs were numbered (i.e., 1 = Medium 
OMF, 2 = High OMF, 3 = Low OMF), depth treatments were assigned letters (i.e., A = 18”, B = 
30”, C = 48”), and numbers were also assigned to replicates columns (i.e., 1, 2, 3).  Sampling times 
were assigned numbers (i.e., 01, 02, 03) and trials were given numbers (i.e., 01-10). 
For quality control, one duplicate effluent sample was collected from one column per 
sampling time using a random number generator.  Duplicate samples are summarized in Appendix 
C.  One influent sample was collected per sampling time.  Samples were stored in a walk-in cooler 




2.7: Laboratory Analysis 
 Samples were either frozen or stored in refrigerators kept at 4ºC.  Samples were analyzed 
within 90 days of collection.  Prior to analysis, all samples were vacuum filtered (Durapore 0.45 
µm PVDF membrane, 47 mm diameter).  Concentrations are reported on a dissolved basis as total 
dissolved nitrogen (TDN) and total dissolved phosphorus (TDP).  Since potable water was used as 
a water source, it is assumed that there was little to no particulate matter in the influent water, and 
the TDN/TDP results are representative of TN and TP results. 
Analysis of Cu and Zn concentrations were done by inductively coupled plasma-optical 
emission spectrometry (ICP-OES) through addition of trace nitric acid preservative and yttrium 
internal standard (PerkinElmer Optima 5300 DV).  A persulfate digest was performed on the 
samples to convert all forms of N to NO3
1- and all forms of P to PO4
3-.  Analysis of TN as NO3
1- 
and TP as PO4
3- was performed by reagent colorimetric analysis (SEAL AA3). 
2.8 Statistical Analysis 
 Removal of N, P, Cu, and Zn was calculated by subtracting the pollutant influent 
concentration from the effluent concentration at each sampling time (i.e., Eff1 – In1, Eff2 – In2, and 
Eff3 – In3).  All statistical analyses were performed using these “removals.”  Removal efficiencies 
(percentage) were calculated by dividing the removal values by the average of the two or three 
influent samples in each trial.  Regression analysis, analysis of variance (ANOVA) with Tukey’s 
honest significant difference (HSD), and repeated measures ANOVA were performed using SAS.  
For Trials 7-10, regression models (PROC REG) were produced for every individual column using 
each column’s pollutant removals.  The regression models were important to understand if there 




General linear models (PROC GLM) were made for each trial and pollutant for ANOVA to test 
the differences in effluent concentrations by OMF, depth, and the interaction of OMF and depth. 
Chapter 3: Results and Discussion 
3.1 Observations 
 The field experiment took place between the months of June and November 2019.  During 
this time, a total of 4.44” of rain was measured on-site.  The highest recorded air temperature was 
approximately 94ºF in July, while the lowest recorded temperature was about 34ºF in November.  
Atmospheric climate data are summarized in Appendix D. 
Daily mean soil temperature varied slightly (between 1ºF to 4ºF) amongst treatments.  The 
columns with Medium and High OMF often appeared wetter than the Low OMF columns.  This 
observation was confirmed by the soil moisture data.  Unprocessed soil moisture and temperature 
data are included in Appendix E. 
Weeds and moss were observed growing at the soil surface of all columns.  Weeds were 
pulled periodically to mitigate the effect of root uptake.  Algal growth was observed in the PVC 
outlet pipes and was cleaned out prior to irrigation trials.  The PVC outlet pipes were also seen to 
have collected red mineral deposits, which are assumed to be associated with carbonates and iron 
in the soil or irrigation water. 
3.1.1: Hydraulic Performance 
Although the laboratory-tested hydraulic conductivity (Table 7) corresponded to the design 
target hydraulic conductivity, the water applied to the soil columns infiltrated at a rate much greater 




after the commencement of irrigation.  This was a much quicker breakthrough than what was 
expected.  Influent water appeared to pass though the soil in localized ponded areas around the 
drip emitters, potentially creating preferential flow paths.  Water in soils with many macropores 
will flow downward more rapidly and flow laterally at a lower rate when compared to fine soils 
with less macropores (Weil and Brady 2017).  It is possible that the soil in the field was not 
compacted sufficiently to reduce the size and amount of macropores and to achieve the design 
hydraulic conductivity in the columns. 
Table 7: As-delivered hydraulic conductivity results of the three BSMs 
 
Due to greater column seepage rates and preferential flow, the actual travel (residence) 
times were much less than calculated (Table 6).  To compensate for the rapid downward water 
movement and promote greater lateral water movement, more drip emitters at lower individual 
flow rates were added to the soil columns.  The total irrigation flow rate was also decreased from 
4 gph to 2 gph.  This effectively slowed the time to breakthrough for all three depth treatments.  
The sample collection times (Table 8) reflect the slower breakthrough time after Trial 3, with 
Sample 1 generally being collected at larger time intervals after the beginning of the trial.  The 
Run # Low OMF Med OMF High OMF
1 68 7 183
2 204 24 5
3 97 250 117
4 137 113 110
5 54 132 77
6 94 - -
Mean (cm/day) 109.0 105.2 98.4
SD (cm/day) 54.6 97.4 64.8
Mean (in/hr) 1.79 1.73 1.61
SD (in/hr) 0.90 1.60 1.06





reduction in irrigation flow rate resulted in never having a full pore volume pass through the 30” 
nor the 48” columns during the sampling period. 
Table 8: Sample collection times (hr) after trial commencement for depths (A=18”, B=30”, C=48”) 1 
 
Microtopography also contributed to localized ponding.  This issue was solved by using a 
hand rake to smooth out the soil surface.  Full ponding of soil columns was not observed until 
Trials 9 and 10.  Only five columns (1A1, 1B1, 3B3, 3C2, and 3C3) experienced temporary 
ponding during these trials.  The ponding began at the commencement of irrigation, lasted for 
approximately one to two hours, and was completely diminished by approximately four hours after 
the start of the trial.  It is unclear what caused the ponding, as there were no evident differences 
amongst the columns for any of the parameters that were measured.  
While the synthetic stormwater reagent-grade chemicals were measured using an analytical 
balance, there were some influent pollutant concentration differences among trials.  Dissolved 
oxygen and pH measurements were taken during some trials.  The DO measurements were great 
 
1 Only two samples were collected in Trials 1-6 
Trial Number A B C A B C A B C
1 1.0 1.0 2.0 5.5 7.0 7.5 - - -
2 1.0 1.5 2.0 4.0 6.0 6.0 - - -
3 1.0 2.5 3.0 4.0 7.0 8.0 - - -
4 1.5 2.5 3.5 6.5 6.5 6.5 - - -
5 2.0 3.0 5.0 6.0 6.5 6.5 - - -
6 1.5 2.5 4.0 5.0 5.5 5.5 - - -
7 1.5 2.5 3.5 4.0 4.5 5.5 8.5 8.5 8.5
8 2.5 2.5 2.5 7.5 7.5 7.5 11.5 11.5 11.5
9 1.0 1.5 3.0 6.0 6.0 6.0 9.0 9.0 9.0
10 1.5 2.0 3.0 6.0 6.0 6.0 10.0 10.0 10.0




enough to suggest that the columns were sufficiently aerated.  Influent water quality measurements 
are summarized in Table 9. 
Table 9: Influent stormwater characteristics 2 
 
3.2 Results 
The results of the regression analyses proved that there was no significant (alpha = 0.05) 
linear component associated with sampling time on the effluent concentrations.  Therefore, the 
sampling time removals from a single column were averaged over a single trial.  This average was 
made for each individual column, using the two or three samples collected across the irrigation 
event.   
Using the sampling time effluent means, an analysis of variance (ANOVA) was performed 
for each trial to determine the significance of OMF, depth, and the interaction of OMF and depth 
(OMF*depth).  A repeated measures ANOVA was done using the whole set of data to determine 
the significance of OMF, depth, “Trial”, and the interaction effects.  The repeated measures 
analysis was necessary because having multiple trials violates one of the assumptions of ANOVA, 
 

























1 6/14 7.08 0.55 - - - - -
2 6/19 8.30 0.88 - - 7.97 7.06 76
3 6/27 8.60 1.21 - - 8.38 8.72 62
4 8/2 5.61 1.39 49.42 415.22 7.98 9.64 88
5 8/8 9.96 1.19 41.23 406.33 7.90 8.65 78
6 9/5 10.57 1.64 47.06 449.52 7.84 8.40 81
7 9/12 9.33 1.36 52.82 500.97 7.54 - 67
8 10/9 10.14 1.56 61.31 499.42 - - -
9 10/23 7.69 1.08 57.41 514.50 8.09 - 57




that is that the observations are independent of one another.  Taking many measurements from the 
same subject at different points in time are not independent observations.  Samples collected later 
in time can be influenced by previous samples.  Removal of N, P, and Cu varied by “Trial” 
(p<0.05).  Due to this, the significance of OMF, depth, and OMF*depth must be evaluated on a 
trial by trial basis.  “Trial” is likely significant because of the climatic variations, irrigation flow 
rate variations, and length between trial variations.  Two different irrigation flow rates were used, 
and changes occurred in environmental variables such as soil and atmospheric temperature, 
antecedent precipitation, antecedent soil moisture, and soil biota. 
 Since the effect of “Trial” was significant, each trial was tested for ANOVA individually.  
The p-values of the ANOVA tests are summarized in Table 10, Table 11, Table 12, and Table 13.  
A Type I error (i.e., α) of 0.05 was used for OMF and depth, and a Type I error of 0.15 was used 
for the OMF*depth effect.  A plus sign indicates a p-value less than 0.15.  One asterisk signifies a 
p-value less than 0.05.  Two asterisks signify a p-value less than 0.01, and three asterisks signify 
a p-value less than 0.001.  OMF significantly affected the removal of TDN and TDP in every trial 
and significantly affected Cu removal in some trials.  OMF had no significant effect on Zn removal.  
Depth was significant for some trials, but not all, in removing TDN, TDP, and Cu.  Depth had no 
effect on Zn removal.  The OMF*depth effect was significant for some trials, but not all, for TDN 




Table 10: Summary of p-values from analysis of variance for each trial testing null hypothesis of no effect of OMF, depth, and the 
interaction on total dissolved nitrogen3  
 
Table 11: Summary of p-values from analysis of variance for each trial testing null hypothesis of no effect of OMF, depth, and the 
interaction on total dissolved phosphorus3 
 
Table 12: Summary of p-values from analysis of variance for each trial testing null hypothesis of no effect of OMF, depth, and the 
interaction on total dissolved copper3 
 
 
3 Significance was addressed at alpha=0.05 for main effects and alpha=0.15 for interaction 
Trial OMF Depth OMF*Depth Trial OMF Depth OMF*Depth
1 <.0001 <.0001 0.0132 1 *** *** *
2 0.0013 0.003 0.0173 2 ** ** *
3 <.0001 <.0001 0.0773 3 *** *** +
4 0.0062 0.0784 0.0004 4 ** + ***
5 0.0078 0.3173 0.3480 5 **
6 0.0009 0.6381 0.1752 6 ***
7 0.0019 0.9732 0.0008 7 ** ***
8 0.0079 0.0265 0.0173 8 ** * *
9 0.0003 0.3992 0.0597 9 *** +
10 <.0001 0.0614 0.0058 10 *** + **
Trial OMF Depth OMF*Depth Trial OMF Depth OMF*Depth
1 <.0001 0.3920 0.6191 1 ***
2 <.0001 0.3915 0.9888 2 ***
3 <.0001 0.0098 0.1739 3 *** **
4 <.0001 0.0480 0.0114 4 *** * *
5 <.0001 0.0221 0.0016 5 *** * **
6 <.0001 0.0409 0.1102 6 *** * +
7 <.0001 0.0402 0.2384 7 *** *
8 0.0002 0.2916 0.2870 8 ***
9 <.0001 0.0654 0.0534 9 *** + +
10 <.0001 0.4477 0.0309 10 *** *
Trial OMF Depth OMF*Depth Trial OMF Depth OMF*Depth
4 0.2904 0.7335 0.8332 4
5 0.0371 0.0112 0.9759 5 * *
6 0.2797 0.8311 0.8494 6
7 0.0033 0.0376 0.9943 7 ** *
8 0.0239 0.0066 0.4834 8 * **
9 0.013 <.0001 0.83 9 * ***




Table 13: Summary of p-values from analysis of variance for each trial testing null hypothesis of no effect of OMF, depth, and the 
interaction on total dissolved zinc3 
 
3.3 Dissolved Nitrogen Removal 
 The average TDN removal efficiency for all trials (N = 270) was 12% (s = 30%), with a 
median removal efficiency of 19%.  The greatest mean removal efficiency (31%, s = 20%) was 
accomplished with Medium OMF and 48” depth (Figure 6), while  the combination of Low OMF 
and 48” depth produced a net export of TDN (-9%, s = 44%).  The TDN removal results were 
extremely variable (Table 14). 
Table 14: Mean TDN removal efficiencies with standard deviations in parentheses (N=30/treatment) 
 
Trial OMF Depth OMF*Depth Trial OMF Depth OMF*Depth
4 0.136 0.179 0.849 4
5 0.132 0.476 0.429 5
6 0.523 0.474 0.953 6
7 0.029 0.074 0.417 7 * +
8 0.705 0.381 0.617 8
9 0.808 0.840 0.621 9
10 0.167 0.253 0.703 10
Depth (in) Low Med High
18 8% (25%) 18% (28%) 19% (21%)
30 4% (32%) 11% (26%) 19% (28%)






Figure 6: Mean TDN removal efficiencies by OMF and depth (N=30/treatment) 
TN removal by bioretention has been shown to be variable and is highly dependent on 
microbial processes of ammonification, nitrification, and denitrification (LeFevre et al. 2015).  
Ammonification is a process that converts organic nitrogen to NH4
1+.  Nitrification (Equation 1 
and Equation 2) converts NH4
1+ to NO3
1- and proceeds favorably in well-drained soils at high (20-
30ºC) temperatures (Weil and Brady 2017).  Nitrification takes up to 14 days to proceed 
completely in a well-aerated environment (Weil and Brady 2017), so while complete nitrification 
is not expected to occur during an irrigation trial, it is possible that nitrification of the retained 
water occurred during the interim period between trials.  Denitrification (Equation 3) is a process 
that converts NO3
1- to N2 gas and proceeds favorably at low oxygen levels (< 10%), at high 
temperatures (25-35ºC), and with adequate organic carbon source to provide energy to the 
denitrifying bacteria (Schlesinger and Bernhardt 2013).  While denitrification is also a relatively 
slow process, the columns were sufficiently aerated such that oxygen concentration in the soil 





1+ can bind to soils with high CEC, but NO3
1- is highly soluble and will not sorb to soil 
particles (LeFevre et al. 2015).  It is possible that some NH4
1+ removal occurred through adsorption 
and the poor TDN removal rates are due to poor NO3
1- removal. 
Based on previous studies (both column and operational bioretention), one might expect a 
field-scale column experiment to yield high NH4
1+ removal rates, but low to negative NO3
1- 
removal rates (Hatt et al. 2007, Brown et al. 2012, Lopez-Ponnada et al. 2020).  The low to negative 
NO3
1- removal rates, more so than NH4
1+ removal rates, are driving and reflected in TN removal 
rates (Mangangka et al. 2015). 
However, in this experiment it is difficult to understand exactly what processes are 
occurring without having effluent measurements on NH4
1+ and NO3
1-.  One can only surmise the 





𝑂2 →  𝑁𝑂2
− + 2𝐻+ 𝐻2𝑂 + 275 𝑘𝐽 𝑒𝑛𝑒𝑟𝑔𝑦 






− + 76 𝑘𝐽 𝑒𝑛𝑒𝑟𝑔𝑦 
Equation 2: Step 2 of nitrification (Nitrobacter) 
5𝐶𝐻2𝑂 + 4𝐻
+ +  4𝑁𝑂3
− → 2𝑁2 + 5𝐶𝑂2 + 7𝐻2𝑂  
Equation 3: Denitrification 
 It is surmised that the TDN measured is in the form of NO3
1- as opposed to NH4
1+ even 
though most of the nitrogen in the synthetic stormwater was added in the form of urea (a source 
of NH4
1+).  Both column and field bioretention studies have shown very effective removal 
reductions of NH4
1+ which is primarily attributed to adsorption to soil (Hsieh et al. 2007, Hatt et 




From Tukey’s HSD test, there was a significant difference between OMF treatments in 
every trial (Table 15).  However, after Trial 3, there was no statistical difference of TDN removal 
between the Medium and High OMF treatments.  The Low OMF treatment was statistically 
different from the other two treatments and was found to result in worse TDN removal (Figure 7).  
The High OMF most likely performed worst during the first trial due to organic N leaching from 
organic matter. 
Table 15: Mean (N=9/treatment) TDN removal efficiencies by OMF (stdev in parentheses) w/ Tukey's HSD results 
 
Trial Date (2019) Low OMF Med OMF High OMF Low OMF Med OMF High OMF
1 6/14 34% (7%) 18% (17%) 1% (24%) A B C
2 6/19 28% (9%) 37% (5%) 23% (13%) B A B
3 6/27 24% (8%) 37% (4%) 25% (12%) B A B
4 8/2 -63% (35%) -32% (27%) -40% (26%) B A A
5 8/8 -6% (25%) 22% (26%) 31% (18%) B A A
6 9/5 -40% (31%) 14% (26%) 3% (24%) B A A
7 9/12 10% (12%) 25% (14%) 22% (8%) B A A
8 10/9 1% (11%) 10% (14%) 16% (11%) B AB A
9 10/23 -2% (14%) 23% (11%) 20% (13%) B A A





Figure 7: Mean TDN removal efficiencies by OMF for trials 1-10 (N=9/treatment) 
Depth was found to be statistically significant for four trials (Table 16).  Again, three of 
these trials were Trials 1-3.  After Trial 3, there was only one instance in which there was any 
statistical difference among depths.  Based on these results, it is unlikely that depth was a factor 
influencing TDN removal thereafter.  A possible explanation for the effect of depth being 
significant for the first three trials is that the irrigation flow rate was twice as great during these 
trials compared to the later trials.  Previous studies (Fletcher et al. 2007, Shrestha et al. 2018) have 
demonstrated that both soil columns and bioretention systems reduce TN, NO3
1-, and NH4
1+ at 
lower rates under high flow conditions.  A larger total load of organic N would be exported from 
the deeper columns, attributing to the worse removal performance from the 48” columns during 




Table 16: Mean (N=9/treatment) TDN removal efficiencies by depth (stdev in parentheses) w/ Tukey's HSD results 
 
 
Figure 8: Mean TDN removal efficiencies by depth for trials 1-10 (N=9/treatment) 
Many studies have resulted in increased TN concentrations from effluent to influent and 
have credited those results to organic N leaching from decomposing organic matter (Mullane et al. 
2015, Brown et al. 2016, Iqbal et al. 2015, Chahal et al. 2016).  These studies also resulted in 
decreased nitrogen leaching over successive storms (Mullane et al. 2015, Brown et al .2016).  Trial 
1 measured a clear and significant trend that nitrogen removal decreased as OMF increased.  
Trial Date (2019) 18" 30" 48" 18" 30" 48"
1 6/14 30% (9%) 21% (15%) 1% (27%) A A B
2 6/19 31% (8%) 35% (6%) 22% (14%) A A B
3 6/27 35% (6%) 31% (7%) 20% (12%) A A B
4 8/2 -35% (24%) -43% (14%) -56% (46%) A A A
5 8/8 13% (20%) 9% (29%) 25% (33%) A A A
6 9/5 -3% (28%) -14% (34%) -6% (45%) A A A
7 9/12 19% (7%) 19% (9%) 19% (21%) A A A
8 10/9 9% (8%) 3% (14%) 16% (15%) AB B A
9 10/23 17% (13%) 14% (14%) 9% (23%) A A A




However, this was the only trial that had this trend.  The idea that organic N leached from the 
Medium and High OMF columns in the first trial is amplified by the TDP removal results, which 
were much lower for the Medium and High OMF treatments for the first three trials compared to 
the rest.  As time progressed, less organic matter was potentially leached from the system, allowing 
other processes to dominate TDN removal.  Since nitrification and denitrification require long 
retention times, it is more likely that the effects of these processes were not observed in the early 
trials. 
When compared on a trial-by-trial basis (Figure 7 and Figure 8), two of the 10 trials (Trials 
4 and 6) exhibited poor or negative removal rates compared to the other eight trials.  Effluent 
quality during Trial 4 indicated that there was TDN leaching from every treatment, with the worst 
being -63% (s = 35%) removal from the Low OMF columns.  During Trial 6, effluent TDN 
concentrations were greater than influent concentrations in all Low OMF treatments (-40% 
removal, s = 31%).  The remaining treatments also exhibited either TDN leaching or very poor 
removal, except for the Medium OMF 48” treatment (38% removal, s = 12%). 
It’s possible that TDN leaching is influenced by either elapsed time between irrigation 
trials, or more likely by antecedent moisture conditions.  Trial 4 occurred 36 days after the previous 
irrigation trial, while Trial 6 occurred 28 days after the previous trial.  While these extended “rest 
periods” may have allowed nitrification to proceed more completely than during the shorter rest 
periods between other trials, it is also possible that the antecedent moisture conditions and 
precipitation may have influenced the extent of TDN leaching.  In both trials, there was no 
measured precipitation during the antecedent 7-day period (Table 17), contrasted with the other 





1+ time to nitrify to NO3
1- (Kim et al. 2003, Davis et al .2010, Shrestha et al. 
2018). 
Table 17: Trials with selected varying conditions contributing to different pollutant removal results 
 
Previous bioretention system and column studies have shown the influence of extended 
antecedent dry periods on the removal of nitrogen.  Mangangka et al. 2014 observed higher 
removal percentages for all measured constituents except for NO3
1- load, NO3
1- concentration, and 
TN concentration for a short dry period (< 6 days) when compared to a long dry period (> 6 days).  
Manka et al. 2016 also measured effluent concentrations of NO3
1- and TN increased as antecedent 
rainfall decreased.  Both studies performed a correlation analysis and they found that out of all the 
variables tested, TN and NO3
1- removal rates were most closely correlated with antecedent dry 
periods.  Furthermore, Weil and Brady (2017) compared nitrate fluxes from soils in udic 
(temperate humid) and ustic (wet-dry) climates.  They presented that in a climate with rainfall 

















0 6/7 N/A - - 4
1 6/14 7 0.47 69 4
2 6/19 5 0.06 67 4
3 6/27 8 0.01 75 4
4 8/2 36 0.00 78 2
5 8/8 6 0.00 78 2
6 9/5 28 0.00 68 2
7 9/12 7 0.23 69 2
8 10/9 27 2.05 59 2
9 10/23 14 2.09 51 2




and June.  However, in a tropical wet-dry climate, large flushes of nitrate occur when the rains 
moisten the dry soil in February and November. 
The recorded soil moisture data illustrates that soil moisture is heavily influenced by OMF 
(Figure 9).  This relationship is expected since it is well-known that soil organic matter increases 
a soil’s water-holding capacity (Weil and Brady 2017).  There is a relatively weak overall 
relationship of TDN removal efficiency increasing with soil moisture.  The main takeaway point 
from this is that the Low OMF (the poorest performing treatment) recorded the lowest soil moisture 
measurements.  The Tukey’s HSD on the soil moisture determined that there was a significant 
difference in soil moisture between all three OMF treatments, but not all three treatments resulted 
in significantly different TDN removal. 
 
Figure 9: Mean TDN removal by 7-day antecedent soil moisture and OMF 
 Figure 10 shows the same soil moisture data, but instead is organized by depth treatment.  




columns.  The 48” columns were significantly drier than the other two depth treatments.  This is 
not an indicator of TDN treatment performance since the Low OMF 48” columns performed 
poorly, while the Medium and High OMF 48” columns performed well.  Overall, it was concluded 
that there was not enough evidence to claim a relationship between soil moisture and TDN 
treatment performance (Figure 10). 
 
Figure 10: Mean TDN removal by 7-day antecedent soil moisture and depth 
Manka et al. 2016 also measured increases in NO3
1- and TN concentrations at greater 
temperatures.  Nitrification and denitrification both proceed more rapidly at higher temperatures 
(Weil and Brady 2017).  It is possible that less nitrification occurred at lower temperatures, leaving 
more ammonium immobilized and less nitrate available for export.  This may be why the calculated 
TDN removal percentages increase for the trials later in the season.  Trial 10 was the coldest trial, 
with an air temperature of 45ºF and a 7-day antecedent mean soil temperature of 50ºF and it had 




There was significantly lower TDN removal from the Low OMF columns compared to the 
Medium and High OMF treatments.  It is well documented that a carbon source to serve as an 
electron donor is necessary to provide the energy required for denitrification to occur (Kim et al. 
2003, Hsieh et al. 2007, Davis et al. 2010, Weil and Brady 2017).  However, denitrification is 
primarily an anaerobic process.  Studies have shown how incorporating an anaerobic zone to a 
bioretention column/cell can improve the TN and NO3
1- removal (Kim et al. 2003, Zinger et al. 
2013, Lopez-Ponnada et al. 2020).  Even though denitrification is most effective in anaerobic 
conditions, it can proceed at low rates in aerobic environments (Weil and Brady 2017).  It is 
possible to have anaerobic microsites within the soil where high organic matter content, low flow 
media, and high microbial levels will promote denitrification (Davis et al. 2010).  Wan et al. (2017) 
demonstrated that soil columns amended with wood chips (a carbon source) significantly reduced 
effluent NO3
1- concentrations compared to soil columns with just sand and clay.  The discrepancy 
of TDN removal between the Low OMF treatments to the Medium and High OMF removals could 
be explained by a certain amount of denitrification proceeding in the presence of higher levels of 
organic matter.   
The rationale behind these microsites causing denitrification is amplified when the soil 
resistance data is also analyzed.  Soil resistance is an analog for soil compaction and thus water 
holding capacity.  With higher soil compaction, the air-filled pore space of the soil will decrease 
(Weil and Brady 2017).  Less air-filled pore space lends itself to higher denitrification rates.  Based 
on the soil resistance testing, the average resistance of the soil columns varied from at least 40 psi 
to at most 140 psi.  Of the columns that were tested for soil resistance, the three columns with the 
highest mean TDN removal percentages (i.e., Columns 1C2, 1C3, and 2B1) across all irrigation 




of these columns were the Medium OMF and 48” depth treatment (1C2 and 1C3).  These results 
could have influenced the reported mean TDN removal efficiency for the Medium OMF 48” 
treatment (Table 14).  Soil column resistance (psi) for the uppermost 24-inches of each column is 
summarized in Table 18. 
Table 18: Soil resistance testing results 
 
3.4 Dissolved Phosphorus Removal 
The average TDP removal efficiency for all trials (N = 270) was 82% (s = 19%), with the 
median TDP removal efficiency being 90%.  The greatest TDP removal efficiency (𝑥 = 94% for 
all depths, s = 4%) was achieved with Low OMF (Table 19 and Figure 11).  In contrast, the worst 
TDP removal efficiency occurred with the High OMF treatments. 
Column 6" 9" 12" 15" 18" 21" 24" Mean
Mean TDN 
Removal 
1A1 80 50 40 100 - - - 68 11%
2A2 50 75 50 75 - - - 63 26%
3A1 40 50 40 140 - - - 68 14%
1B1 10 40 75 50 80 50 - 51 9%
1B2 40 80 80 60 125 90 - 79 10%
1B3 40 90 50 50 80 50 - 60 15%
2B1 75 90 100 115 120 110 105 102 31%
2B2 25 60 40 50 50 60 60 49 14%
3B1 80 130 75 100 100 80 100 95 -4%
3B2 30 100 105 105 110 90 120 94 1%
1C2 90 105 105 150 125 200 180 136 36%
1C3 100 90 90 160 90 75 100 101 33%
2C1 90 100 50 75 100 40 30 69 7%
2C2 40 30 25 60 40 20 50 38 6%
3C1 75 70 90 30 60 40 80 64 -20%





Table 19: Mean TDP removal efficiencies with standard deviations in parentheses (N=30/treatment) 
 
 
Figure 11: Mean TDP removal efficiencies by OMF and depth (N=30/treatment) 
The results of Tukey’s HSD (Table 20) illustrate that TDP removal efficiency significantly 
decreased as OMF increased.  The three OMF treatments are statistically significant from one 
another in most trials.  These results align with the initial expectations for TDP removal.  The 
relatively high P removal efficiency for all treatments suggests that there is enough Fe and Al in 
the soil to provide sorption sites for PO4
3-.  The decrease in TDP removal efficiency with increasing 
OMF (Figure 12) could potentially be attributed to P leaching from dissolved organic matter.  
Mineralization is a process that is associated with decomposition and involves microorganisms 
converting organic P into PO4
3- (Roy-Poirier et al. 2010).  Over time, organic matter, in this case 
compost, will decompose and release organic and inorganic P (Roy-Poirier et al. 2010, LeFevre et 
Depth (in) Low Med High
18 95% (3%) 83% (12% ) 69% (21%)
30 93% (4%) 81% (14%) 73% (26%)




























al. 2015).  Additionally, several studies that have incorporated compost in their soil columns have 
reported leaching more dissolved P than was retained (Fletcher et al. 2007, Paus et al. 2014, 
Mullane et al. 2015, Chahal et al. 2016, Jay et al. 2019).  These results lead to the conclusion that 
the Low OMF treatment is the most appropriate BSM for TDP removal. 
Table 20 : Mean (N=9/treatment) TDP removal efficiencies by OMF (stdev in parentheses) w/ Tukey's HSD results 
 
 
Figure 12: Mean TDP removal efficiencies by OMF for trials 1-10 (N=9/treatment) 
Trial Date (2019) Low OMF Med OMF High OMF Low OMF Med OMF High OMF
1 6/14 88% (3%) 59% (7%) 25% (17%) A B C
2 6/19 91% (3%) 67% (7%) 42% (12%) A B C
3 6/27 90% (3%) 64% (8%) 38% (12%) A B C
4 8/2 95% (2%) 86% (4%) 84% (6%) A B B
5 8/8 95% (1%) 86% (5%) 79% (6%) A B C
6 9/5 95% (1%) 91% (3%) 87% (5%) A B C
7 9/12 96% (1%) 91% (3%) 86% (5%) A B C
8 10/9 97% (1%) 94% (2%) 91% (4%) A B B
9 10/23 96% (1%) 93% (3%) 86% (5%) A A B




Another possible explanation to decreased TDP removal efficiency with increasing OMF 
is that a small amount of compost in comparison to mineral soil corresponds to a greater amount 
of mineral soil, and subsequently clay particles for a given volume.  The Low OMF potentially 
treatment contains the greatest amount of clay particles by volume, while the High OMF contains 
the least amount of clay particles.  PO4
3- sorption is highly dependent on the amount of available 
sorption sites (Lucas and Greenway 2008).  Hsieh and Davis (2005) stated that Fe-bound P is 
positively correlated to soil CEC.  Soils with higher clay contents will have higher CEC (Weil and 
Brady 2017) and, in turn, a greater amount of available sorption sites to remove PO4
3-. 
Both depth and the interaction between depth and OMF were calculated to be significant 
for half of the trials.  However, the relationships between TDP removal efficiency and depth and 
OMF*depth are not quite as clear to distinguish compared to the relationship between TDP 
removal efficiency and OMF.  Since depth was only significant for half of the trials, the discernible 
trends that might help to explain the relationship were not always present.  This lends itself to the 
potential conclusion that depth of the bioretention cell is not an important factor in TDP removal.  
Other column studies have concluded that there is minimal effect of depth on P removal efficiency 
(Hatt et al. 2007, Fletcher et al. 2007). 
Tukey’s HSD (Table 21) was used to understand the relationship between depth and TDP 
removal.  For the first three trials, the 48” columns were most effective at removing TDP (Figure 
13).  This lends itself to the conclusion that increased contact time with the soil media has a 
beneficial effect on TDP treatment.  This is the conclusion that was deduced from a study by Wu 
et al. (2017) that produced TP removal tendencies that increased with depth.  However, this study 
also stated that most of the pollutants were accumulated and removed in the top 18” of the soil 




with time.  Based on the analysis of the observations in this study, there is not enough evidence to 
conclude whether the depth of media affects the removal efficiency of TP. 
Table 21: Mean (N=9/treatment) TDP removal efficiencies by depth (stdev in parentheses) w/ Tukey's HSD results 
 
 
Figure 13: Mean TDP removal efficiencies by depth for trials 1-10 (N=9/treatment) 
It is notable that TDP removal efficiency in the Medium and High OMF treatments 
improved dramatically following Trial 3 (Figure 12).  This is most likely due to the reduction in 
irrigation flow rate for the remaining trials.  The decrease in irrigation flow rate reduced both the 
Trial Date (2019) 18" 30" 48" 18" 30" 48"
1 6/14 61% (29%) 57% (25%) 54% (33%) A A A
2 6/19 69% (23%) 64% (23%) 66% (22%) A A A
3 6/27 70% (20%) 63% (21%) 59% (28%) A AB B
4 8/2 86% (7%) 89% (5%) 89% (7%) A A A
5 8/8 84% (10%) 88% (7%) 88% (8%) B A A
6 9/5 89% (6%) 92% (3%) 92% (5%) A A A
7 9/12 89% (6%) 92% (4%) 93% (5%) B AB A
8 10/9 93% (5%) 95% (2%) 95% (4%) A A A
9 10/23 90% (8%) 92% (4%) 93% (5%) A A A




total phosphorus load in, as well as the rate of phosphorus loading into the soil columns.  A higher 
irrigation flow rate will put more stress on the system as and water is able to pass through the 
system without achieving the desired pollutant removal (Mangangka et al. 2014).  Studies (Fletcher 
et al. 2007, Hathaway et al. 2012, Mangangka et al. 2014) have concluded that both research-scale 
biofilters (i.e., columns) and operational bioretention systems have a lower capability to treat TP 
under conditions of greater hydraulic loading rates and higher intensity rainfall events. 
The poorer removal efficiencies in the three early trials in this study could also just be due 
to a greater amount of decomposed organic P being available in the soil columns that eventually 
got flushed out of the system.  The soil was exposed to natural processes from its installation in 
Fall 2018 through the beginning of the irrigation regime in June 2019.  This allowed months of 
time for microorganisms to decompose compost material inside the columns.  This is supported 
by Mullane et al. (2015) and Chahal et al. (2016) which both measured decreases in TP leaching 
from compost over the course of successive irrigation events. 
3.5 Dissolved Copper Removal 
 The average Cu removal efficiency for all trials (N = 189) was 79% (s = 8%), with a median 
Cu removal percentage of 80%.  The relatively high mean Cu removal efficiency indicates that all 
the BSMs have a high CEC.  Adsorption to soil particles is the primary removal mechanism for 
dissolved cations, such as Cu (LeFevre et al. 2015).  The greatest Cu removal was achieved with 
the Low OMF treatments (Table 22 and Figure 14).  Cu removal was not significantly affected by 
any treatment during two trials (Trials 4 and 6).  In all other trials Cu removal was significantly 
different amongst depth and OMF treatments.  From the ANOVA tests, when OMF and depth 
were significant, the Low OMF treatment performed better than the Medium and High OMF, and 




Table 22: Mean Cu removal efficiencies with standard deviations in parentheses (N=21/treatment) 
 
 
Figure 14: Mean Cu removal efficiencies by OMF and depth (N=21/treatment) 
In trials where there was a significant effect of OMF, Cu removal efficiency decreased as 
OMF increased (Table 23).  While high levels of organic matter contribute to high levels of CEC 
in soils (Weil and Brady 2017), metals sorbed to organic matter will not be permanently 
immobilized if there is the possibility of organic matter leaching (LeFevre et al. 2015).  Cu, 
compared to other metals, has a very high affinity for organic matter, and will readily form 
complexes with dissolved organic matter (DOM), especially at high pH values (LeFevre et al. 
2015, Chahal et al. 2016).  With increases in OMF treatment, a significant decrease in Cu removal 
was observed.  There are potentially more Cu-DOM complexes forming as OMF increases.  It is 
likely that these Cu-DOM complexes are being leached through the columns and coming out in 
Depth (in) Low Med High
18 85% (5%) 80% (7%) 79% (7%)
30 83% (4%) 78% (7%) 77% (10%)





the effluent, resulting in the poorer Cu removal performance with decreasing OMF (Figure 15).  
This is supported by Hatt et al. (2007) who measured increases in dissolved Cu concentrations 
between influent and effluent from soil columns containing compost, but measured reductions 
from soil columns without compost.  Mullane et al. (2015) found that compost was a source of Cu 
in column leachate (effluent).  Furthermore, they calculated that fresh (6-month old) compost, 
exported a significantly greater amount of Cu compared to older (24-month old) compost. 
Table 23: Mean (N=9/treatment) Cu removal efficiencies by OMF (stdev in parentheses) w/ Tukey's HSD results 
 
 
Figure 15: Mean Cu removal efficiencies by OMF for trials 1-10 (N=9/treatment) 
Trial Date (2019) Low OMF Med OMF High OMF Low OMF Med OMF High OMF
4 8/2 76% (4%) 69% (5%) 71% (13%) A A A
5 8/8 78% (6%) 69% (6%) 71% (10%) A B AB
6 9/5 84% (4%) 80% (5%) 82% (5%) A A A
7 9/12 82% (4%) 76% (6%) 73% (5%) A B B
8 10/9 86% (3%) 82% (4%) 81% (5%) A AB B
9 10/23 82% (5%) 80% (4%) 77% (4%) A AB B




In trials where the effect of depth was significant, Cu removal was adversely affected by 
increased depth (Table 24).  This is contrary to what was expected since a greater depth would 
correspond to longer BSM contact time with synthetic stormwater, which could allow for higher 
removal rates through adsorption processes.  However, the decreased Cu removal efficiency by 
the 30” and 48” (Figure 16) columns is thought to be less a function of depth and more a function 
of effluent pH.  The effluent pH measurements recorded during the irrigation trials showed that 
the 48” deep columns consistently had a lower pH than the other columns.  As the trials progressed 
during a day, the pH of all columns began to rise, but this increase is most noticeable in the 48” 
columns since their pH was lowest to begin with. 
Table 24: Mean (N=9/treatment) Cu removal efficiencies by depth (stdev in parentheses) w/ Tukey's HSD results 
 
Trial Date (2019) 18" 30" 48" 18" 30" 48"
4 8/2 71% (6%) 74% (11%) 71% (9%) A A A
5 8/8 77% (5%) 74% (10%) 66% (6%) A AB B
6 9/5 83% (5%) 82% (5%) 81% (5%) A A A
7 9/12 79% (4%) 78% (6%) 74% (6%) A AB B
8 10/9 86% (2%) 84% (4%) 80% (5%) A AB B
9 10/23 84% (3%) 78% (4%) 78% (4%) A B B





Figure 16: Mean Cu removal efficiencies by depth for trials 1-10 (N=9/treatment) 
It’s possible that the pH is rising during a trial because the antecedent water that was in the 
soil columns at the commencement of the trials was more acidic compared to the influent synthetic 
stormwater.  As the trials progressed, lower pH interstitial water mixed with higher pH influent 
water and the pH readings rose closer to the pH of the influent synthetic stormwater.  This was 
more apparent in the 18” and 30” columns, compared to the 48” columns.  During a trial, the 18” 
columns were dosed with approximately a pore volume of synthetic stormwater.  The 48” columns 
never experienced a full pore volume of water pass through them since the total column volume, 
along with the pore volume, is much greater than the 18” columns. 
It is well documented that Cu adsorption is affected by soil pH.  Cu activity and solubility 
decrease as pH increases (Hong et al. 2010, Weil and Brady 2017).  Chahal et al. (2016) measured 
Cu export from soil columns filled with a BSM amended with compost.  This study found that free 
Cu2
+2




weak trend in pH field measurements from the last two trials (Trials 9 and 10) and the 
corresponding Cu effluent concentrations.  As pH decreases, Cu effluent concentrations appear to 
increase.  This is most noticeable for the 18” columns, which experienced a full pore volume dose 
of synthetic stormwater. 
 
Figure 17: Cu concentrations by pH (Trials 9 and 10) 
3.5 Dissolved Zinc Removal 
 Average Zn removal for all trials (N = 189) was 98% (s = 1%), regardless and OMF and 
depth.  There was no effect of any treatment on Zn removal.  Table 25 displays that the mean Zn 





Table 25: Mean Zn removal efficiencies with standard deviations in parentheses (N=21/treatment) 
 
Chapter 4: Conclusion 
4.1: Summary of Results 
 This study developed baseline knowledge on the pollutant removal effectiveness of three 
BSMs in a field-scale, 3 by 3 factorial biofiltration experiment.  Three BSM organic matter 
contents and three biofilter depths were assessed for removal of dissolved pollutants nitrogen, 
phosphorus, copper, and zinc.  Each organic matter and depth treatment was replicated three times.  
Ten irrigation events were performed on the biofilters beginning in June and concluding in 
November of 2019.  Mean TDN removal efficiency was very low (ranging from -9% to 31% 
amongst treatments) with a mean removal efficiency of 12% (s = 30%), indicating the need for 
additional measures to enhance nitrogen treatment.  TDP, Cu, and Zn each were removed 
effectively by all soil treatments, with mean removal efficiencies of 82% (s = 19%), 79% (s = 8%), 
and 98% (s = 1%), respectively. 
 The level of OMF was statistically significant for every trial for both TDN and TDP.  The 
greatest TDN removal resulted from the Medium and High OMFs, with a mean removal efficiency 
between them of 17% (s = 27%), compared to a mean TDN removal efficiency of 1% (s= 35%) 
from the Low OMF.  The greatest TDP removal efficiency resulted from the Low OMF with a 
mean removal efficiency of 94% (s = 4%), compared to a mean TDP removal efficiency of 70% 
(s = 25%) from the High OMF.  The level of OMF was significant in most trials for Cu removal.  
Depth (in) Low Med High
18 99% (1%) 98% (1%) 98% (1%)
30 99% (1%) 99% (1%) 98% (1%)





The greatest mean Cu removal efficiency resulted from the Low OMF with a mean removal 
efficiency of 82% (s = 6%), compared to a mean removal efficiency of 77% (s = 9%) from the 
High OMF.  Zn removal was not affected by OMF but was consistently removed by at least 98% 
(s = 1%). 
 The depth was statistically significant in some, but not all trials for TDN, TDP, and Cu.  
TDN appeared to be influenced by depth during high flow conditions, but not after the hydraulic 
flow rate was decreased.  The TDP results by depth were mixed and ultimately inconclusive.  Cu 
was removed most efficiently by the 18” depth with a mean removal efficiency of 81% (s = 7%), 
compared to a mean removal efficiency of 76% (s = 8%) from the 48” columns.  Zn removal was 
not affected by depth but was consistently removed by at least 98% (s = 1%).  It is possible that 
the columns have not been studied for long enough for there to be an effect of depth.  As the 
experiment continues in the following summers, more pollutants will be adsorbed to sorption sites.  
Sorption sites will be exhausted in the smaller columns first and if this happens, pollutant 
breakthrough will occur first in the shorter columns. 
Better TDN removal performance of the Medium and High OMF is thought to be attributed 
to the organic matter acting as a carbon source for partial denitrification to occur in microsites in 
the soil column.  This especially apparent in trials that took place after long rest periods long 
enough to provide for full nitrification.  Much higher TDN effluent concentrations were measured 
from the Low OMF, where a lack of a sufficient carbon source would prohibit the small levels of 




4.2 Future Work and Recommendations 
For the next field trial, it would be important to set an irrigation schedule to perform an 
irrigation trial once every 14 days.  Having regularly scheduled trials would minimize the effects 
of long rest periods that potentially caused increased nitrate export.  Another recommendation is 
to increase the hydraulic flow rate to induce ponding.  It would be beneficial to see what effect 
ponding has on pollutant removal and how the columns respond to increased hydraulic flow rates. 
The next progression of this study is to plant grasses in the soil columns in the spring or 
summer of 2020.  This will determine the effect of vegetation on nutrient and heavy metal removal 
during the next two growing seasons.  It is expected that the addition of vegetation will enhance 
pollutant removal, especially nitrogen, through nutrient uptake from the plants’ roots systems.  It 
documented in the literature that vegetated soil columns perform better at removing pollutants 
compared to barren columns (Zinger et al. 2013, Palmer et al. 2013). 
Another recommendation would be to analyze influent and effluent samples for both NH4
1+ 
and NO3
1- forms of nitrogen.  These data will give more knowledge on what processes are 
occurring within the soil columns.  If ammonium removal rates are high, then it is more likely that 
there is adsorption occurring.  If nitrate removals are low, then it is likely that high levels of 
denitrification are not occurring. 
A third recommendation would be to test the effectiveness of an IWSZ.  An anaerobic zone 
could be created within the soil columns by incorporating a raised outlet pipe.  The zone below the 
raised outlet pipe would be prevented from draining and would become saturated.  The 
denitrification rate in the saturated zone would increase rapidly and nitrate removal would be 




practices (Lopez-Ponnada et al. 2020) and biofilters (Zinger et al. 2013) improves the effluent 
water quality of nitrate and TN.  Measuring DO concentrations from these columns would be of 
utmost importance since one would expect saturated columns to have low levels of DO.   
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Appendix B: Soil Gradation Information 
Table 26: Custom-blended BSM soil gradation 
 
Table 27: Concrete sand soil gradation 
 








Mass of soil 
retained (g)
Mass of soil 
retained (%)
10 2.00 Fine Pebbles 116.0 23.2%
18 1.00 Very Coarse Sand 54.1 10.8%
35 0.50 Coarse Sand 54.2 10.8%
60 0.25 Medium Sand 104.1 20.8%
120 0.125 Fine Sand 107.4 21.5%
230 0.063 Very Fine Sand 41.0 8.2%







Mass of soil 
retained (g)
Mass of soil 
retained (%)
10 2.00 Fine Pebbles 136.5 14%
18 1.00 Very Coarse Sand 102.5 11%
35 0.50 Coarse Sand 135.5 14%
60 0.25 Medium Sand 292.0 30%
120 0.125 Fine Sand 215.5 22%
230 0.063 Very Fine Sand 64.0 7%







Mass of soil 
retained (g)
Mass of soil 
retained (%)
10 2.00 Fine Pebbles 75.0 9%
18 1.00 Very Coarse Sand 85.5 10%
35 0.50 Coarse Sand 91.0 11%
60 0.25 Medium Sand 115.0 14%
120 0.125 Fine Sand 219.5 26%
230 0.063 Very Fine Sand 143.0 17%













Mass of soil 
retained (g)
Mass of soil 
retained (%)
10 2.00 Fine Pebbles 1.0 0%
18 1.00 Very Coarse Sand 10.5 1%
35 0.50 Coarse Sand 48.0 6%
60 0.25 Medium Sand 98.5 11%
120 0.125 Fine Sand 205.5 24%
230 0.063 Very Fine Sand 308.5 36%




Appendix C: Quality Control 





























1A20101 4.78 0.15 - - 1A20101D 5.64 0.23 - -   0.08 0.86 - - 
3B30201 4.97 0.08 - - 3B30201D 5.81 0.09 - -   0.00 0.85 - - 
3C30102 2.89 0.04 - - 3C30102D 3.42 0.06 - -   0.02 0.52 - - 
3A20202 7.15 0.07 - - 3A20202D 6.19 0.04 - -   0.02 0.95 - - 
3C20103 9.27 0.10 - - 3C20103D 9.30 0.11 - -   0.01 0.03 - - 
1A10203 5.68 0.25 - - 1A10203D 5.66 0.25 - -   0.00 0.02 - - 
3A30104 11.06 0.08 13.65 15.34 3A30104D 11.02 0.06 12.29 3.75   0.02 0.04 1.35 11.59 
1A30204 10.57 0.26 5.26 2.35 1A30204D 5.05 0.26 11.26 5.92   0.01 5.52 6.00 3.57 
1A30105 6.09 0.19 9.70 11.64 1A30105D 6.63 0.19 8.80 5.14   0.00 0.55 0.90 6.50 
3C10205 12.59 0.07 13.98 4.39 3C10205D 17.60 0.09 14.01 4.46   0.02 5.02 0.03 0.07 
1A10106 9.38 0.15 10.88 4.52 1A10106D 12.58 0.14 9.87 15.48   0.01 3.21 1.01 10.96 
3C10206 18.71 0.08 8.89 3.16 3C10206D 26.63 0.06 8.55 9.25   0.02 7.93 0.34 6.09 
2C30207 7.54 0.30 17.31 13.13 2C30207D 7.73 0.27 18.60 13.29   0.03 0.18 1.30 0.16 
1C20307 8.00 0.08 11.65 10.87 1C20307D 8.10 0.07 12.64 12.18   0.01 0.11 0.99 1.31 
1A20108 10.91 0.12 9.23 6.35 1A20108D 10.66 0.08 8.31 3.63   0.03 0.24 0.93 2.72 
2C30208 9.32 0.19 8.10 3.33 2C30208D 9.18 0.24 12.22 5.00   0.06 0.15 4.13 1.67 
2B30308 10.83 0.08 10.16 14.49 2B30308D 11.29 0.08 6.53 5.02   0.01 0.46 3.63 9.48 
2A20109 4.88 0.24 10.95 3.84 2A20109D 4.87 0.25 11.60 4.65   0.01 0.01 0.65 0.82 
2C30209 7.64 0.24 14.40 4.26 2C30209D 7.53 0.21 15.20 4.78   0.03 0.10 0.80 0.53 
1B10309 6.85 0.15 9.87 4.00 1B10309D 6.89 0.16 10.84 3.36   0.01 0.03 0.97 0.65 
2C10110 4.44 0.08 10.75 3.91 2C10110D 4.66 0.09 11.07 3.68   0.00 0.22 0.32 0.23 
2C30210 4.26 0.28 11.98 3.93 2C30210D 4.35 0.30 13.41 4.20   0.02 0.09 1.43 0.26 




Appendix D: Climate Data 
































6/1/2019 67.0 80.5 52.1 71 94 55 861 345 0.26 0.13 
6/2/2019 59.3 65.5 52.8 83 95 45 430 128 0.06 0.05 
6/3/2019 53.0 61.2 46.2 59 67 45 969 383 0.00 0.13 
6/4/2019 54.0 63.4 45.1 73 92 45 924 258 0.00 0.09 
6/5/2019 66.9 75.1 57.2 76 95 62 678 207 0.09 0.08 
6/6/2019 62.8 73.1 54.6 81 97 53 983 359 0.00 0.12 
6/7/2019 64.1 78.4 49.3 64 91 31 979 509 0.00 0.19 
6/8/2019 67.0 82.2 50.7 55 88 23 991 520 0.00 0.21 
6/9/2019 71.2 84.9 54.5 50 78 31 935 444 0.00 0.20 
6/10/2019 66.2 73.2 61.4 69 95 41 428 141 0.37 0.07 
6/11/2019 60.8 69.1 54.4 73 95 47 1051 416 0.05 0.14 
6/12/2019 64.5 76.9 47.5 56 88 33 985 485 0.00 0.20 
6/13/2019 59.5 65.9 56.4 79 92 56 376 97 0.05 0.05 
6/14/2019 59.7 69.3 54.1 72 93 46 865 171 0.00 0.07 
6/15/2019 65.5 76.7 58.4 65 95 42 1058 258 0.00 0.11 
6/16/2019 61.6 63.5 57.1 96 97 95 116 54 0.00 0.02 
6/17/2019 62.8 77.8 49.0 78 98 46 975 472 0.00 0.17 
6/18/2019 67.4 78.6 58.3 78 91 61 827 238 0.00 0.10 
6/19/2019 72.0 82.9 62.3 78 95 54 975 377 0.01 0.15 
6/20/2019 67.8 72.4 63.7 94 97 85 567 139 0.00 0.05 



































6/22/2019 64.5 75.6 55.1 68 85 49 943 490 0.01 0.19 
6/23/2019 68.0 79.2 55.9 63 81 41 970 497 0.00 0.20 
6/24/2019 68.9 78.9 54.2 69 87 50 643 267 0.00 0.11 
6/25/2019 74.1 82.4 66.2 71 93 47 1041 397 0.00 0.16 
6/26/2019 74.2 86.8 60.9 67 87 47 1016 431 0.00 0.18 
6/27/2019 73.5 85.1 61.1 67 88 43 937 388 0.00 0.16 
6/28/2019 75.5 91.5 61.6 65 88 34 961 459 0.00 0.20 
6/29/2019 74.6 82.4 68.3 73 90 58 1010 349 0.00 0.15 
6/30/2019 66.7 72.2 59.0 77 91 59 1076 319 0.00 0.12 
7/1/2019 67.9 81.2 54.5 72 92 50 1028 413 0.00 0.16 
7/2/2019 70.0 79.0 62.2 80 92 66 1002 208 0.00 0.09 
7/3/2019 75.4 90.6 62.8 72 95 44 1022 473 0.00 0.19 
7/4/2019 78.8 93.9 63.6 68 92 39 936 459 0.00 0.19 
7/5/2019 81.4 92.7 76.3 73 84 52 1016 357 0.00 0.15 
7/6/2019 76.9 84.9 70.7 85 96 70 613 168 0.00 0.07 
7/7/2019 69.7 81.7 60.3 76 97 47 1014 444 0.00 0.17 
7/8/2019 68.1 83.2 54.4 72 95 45 916 462 0.00 0.18 
7/9/2019 70.1 86.9 54.2 66 93 36 950 483 0.00 0.20 
7/10/2019 76.9 91.1 62.8 65 84 42 937 423 0.00 0.18 
7/11/2019 79.0 84.0 73.6 75 88 69 474 238 0.00 0.11 
7/12/2019 67.9 73.6 63.5 88 94 78 372 106 0.00 0.04 
7/13/2019 74.3 85.7 64.3 68 89 43 932 454 0.00 0.18 
7/14/2019 72.6 79.6 63.1 70 85 54 1049 419 0.00 0.17 
7/15/2019 71.4 84.8 60.4 67 90 39 974 470 0.00 0.19 



































7/17/2019 72.2 75.9 67.7 94 97 91 353 126 0.00 0.04 
7/18/2019 74.3 85.1 65.6 87 98 68 1019 354 0.00 0.13 
7/19/2019 79.1 88.9 71.8 85 94 70 867 267 0.00 0.11 
7/20/2019 81.3 91.4 76.2 80 88 66 766 301 0.00 0.13 
7/21/2019 78.1 85.2 67.6 70 81 50 957 395 0.00 0.16 
7/22/2019 65.6 68.0 63.6 89 96 74 203 61 0.00 0.03 
7/23/2019 68.8 78.0 60.9 80 97 51 1046 418 0.00 0.15 
7/24/2019 67.1 79.8 56.4 74 94 49 982 432 0.00 0.16 
7/25/2019 69.4 81.0 56.8 73 90 53 957 447 0.00 0.17 
7/26/2019 71.1 87.1 60.8 79 94 46 986 384 0.00 0.15 
7/27/2019 75.8 87.3 64.3 69 88 45 953 447 0.00 0.17 
7/28/2019 76.3 84.6 71.1 73 84 62 1059 329 0.00 0.13 
7/29/2019 76.4 88.5 67.5 78 92 58 926 396 0.00 0.15 
7/30/2019 74.5 87.3 66.9 83 96 57 923 346 0.00 0.12 
7/31/2019 71.8 80.7 63.7 81 96 58 832 343 0.00 0.13 
8/1/2019 68.5 80.9 58.6 74 95 46 925 439 0.00 0.16 
8/2/2019 68.7 84.2 53.8 67 90 41 908 470 0.00 0.18 
8/3/2019 73.0 84.1 65.0 74 93 47 978 377 0.00 0.15 
8/4/2019 69.2 78.9 57.9 73 86 45 925 374 0.00 0.14 
8/5/2019 67.9 84.0 52.2 65 92 32 930 486 0.00 0.18 
8/6/2019 72.7 89.3 66.5 74 95 47 931 339 0.00 0.13 
8/7/2019 70.4 77.5 65.3 85 93 76 595 208 0.00 0.05 
8/8/2019 65.1 69.1 62.4 88 93 82 800 270 0.00 0.08 
8/9/2019 59.9 60.6 59.4 91 93 88 800 270 0.00 0.08 



































8/11/2019 67.5 78.9 58.8 72 86 49 920 452 0.00 0.16 
8/12/2019 71.2 82.9 60.1 76 87 57 933 334 0.00 0.13 
8/13/2019 72.6 82.7 65.5 84 92 68 857 269 0.00 0.09 
8/14/2019 69.8 82.1 60.7 75 95 49 898 445 0.00 0.16 
8/15/2019 68.0 82.3 57.2 79 95 56 878 417 0.00 0.14 
8/16/2019 71.1 82.4 63.8 85 96 68 859 288 0.00 0.10 
8/17/2019 69.1 81.2 64.2 89 96 68 785 192 0.00 0.07 
8/18/2019 71.7 85.8 62.7 86 95 64 855 296 0.00 0.11 
8/19/2019 74.3 84.1 68.2 78 86 62 918 323 0.00 0.13 
8/20/2019 72.9 85.6 62.1 77 96 49 877 461 0.00 0.16 
8/21/2019 73.3 81.1 68.5 86 96 71 866 195 0.00 0.07 
8/22/2019 69.2 75.9 60.3 80 92 57 830 237 0.00 0.08 
8/23/2019 64.2 73.5 54.9 76 95 50 886 397 0.00 0.13 
8/24/2019 60.2 66.9 51.2 81 95 65 634 238 0.00 0.07 
8/25/2019 62.6 76.1 51.9 79 97 50 971 287 0.00 0.10 
8/26/2019 64.3 78.1 52.4 67 94 33 880 465 0.00 0.16 
8/27/2019 65.8 72.6 59.2 75 81 67 483 217 0.00 0.09 
8/28/2019 67.1 69.4 62.1 90 96 80 141 72 0.00 0.03 
8/29/2019 64.9 74.4 58.1 79 95 55 927 333 0.00 0.11 
8/30/2019 67.1 77.8 58.1 72 88 55 911 417 0.00 0.14 
8/31/2019 60.8 71.8 51.3 76 92 52 883 342 0.00 0.11 
9/1/2019 60.8 70.7 50.8 82 94 66 350 147 0.00 0.05 
9/2/2019 64.1 69.8 59.2 92 95 78 368 93 0.00 0.03 
9/3/2019 67.3 78.8 58.7 83 97 57 915 294 0.00 0.10 



































9/5/2019 58.5 69.2 52.4 86 95 60 927 429 0.00 0.05 
9/6/2019 59.3 66.8 54.9 86 93 69 900 371 0.00 0.07 
9/7/2019 60.1 64.4 57.4 85 90 77 900 371 0.00 0.07 
9/8/2019 60.3 68.4 54.0 83 95 63 872 312 0.00 0.09 
9/9/2019 57.7 69.6 48.2 83 97 63 894 347 0.00 0.10 
9/10/2019 66.0 80.6 48.3 78 96 60 796 383 0.00 0.12 
9/11/2019 73.7 81.8 67.5 84 96 72 803 290 0.23 0.10 
9/12/2019 62.4 67.5 56.6 92 96 85 210 83 1.22 0.02 
9/13/2019 60.1 72.6 46.5 76 96 53 791 338 0.00 0.11 
9/14/2019 65.0 75.0 58.8 82 95 70 852 296 0.08 0.11 
9/15/2019 62.9 73.1 55.3 89 96 68 530 216 0.08 0.07 
9/16/2019 62.1 73.1 52.7 79 96 43 780 359 0.01 0.11 
9/17/2019 58.9 74.2 46.9 77 95 44 859 426 0.00 0.12 
9/18/2019 58.3 73.0 46.1 76 95 43 777 424 0.00 0.12 
9/19/2019 60.4 75.8 48.6 71 94 38 780 424 0.00 0.13 
9/20/2019 63.0 81.4 51.0 71 87 37 759 412 0.00 0.13 
9/21/2019 66.5 83.9 53.3 72 93 31 762 411 0.00 0.13 
9/22/2019 73.6 86.6 61.8 75 85 57 705 293 0.00 0.11 
9/23/2019 71.5 78.1 58.9 79 96 64 314 130 0.36 0.05 
9/24/2019 59.5 64.6 54.9 87 97 69 866 220 0.06 0.06 
9/25/2019 63.9 78.4 49.7 77 96 53 725 379 0.00 0.12 
9/26/2019 62.3 68.2 52.7 80 95 64 562 105 0.14 0.04 
9/27/2019 61.6 74.7 48.6 71 95 42 728 393 0.00 0.12 
9/28/2019 69.7 80.1 62.1 74 96 61 709 296 0.24 0.10 



































9/30/2019 55.7 61.3 50.3 90 95 79 168 64 0.02 0.02 
10/1/2019 73.0 87.4 61.3 81 93 60 681 275 0.02 0.09 
10/2/2019 61.9 71.3 49.1 93 96 84 105 43 0.52 0.02 
10/3/2019 50.3 57.8 47.1 93 97 85 177 65 0.32 0.01 
10/4/2019 48.2 57.3 39.5 88 96 75 340 139 0.03 0.03 
10/5/2019 46.9 60.6 33.3 70 97 33 716 402 0.00 0.10 
10/6/2019 58.2 64.2 49.9 79 86 61 340 115 0.01 0.05 
10/7/2019 57.0 64.0 54.1 94 97 87 158 65 1.17 0.02 
10/8/2019 53.6 65.0 44.6 82 97 47 689 353 0.00 0.08 
10/9/2019 50.6 63.3 41.9 82 96 61 678 300 0.00 0.07 
10/10/2019 52.3 66.9 41.8 77 95 50 650 358 0.00 0.09 
10/11/2019 54.5 70.8 39.7 65 91 38 664 367 0.00 0.10 
10/12/2019 50.4 57.6 45.4 84 95 66 129 51 0.09 0.02 
10/13/2019 52.9 66.3 40.1 68 95 35 666 359 0.01 0.10 
10/14/2019 52.1 58.9 45.4 72 83 59 386 168 0.00 0.06 
10/15/2019 50.2 62.6 42.0 69 88 39 635 324 0.00 0.08 
10/16/2019 53.3 61.3 45.6 81 96 64 198 86 1.09 0.04 
10/17/2019 46.1 47.9 44.4 95 96 93 116 47 0.54 0.01 
10/18/2019 43.3 45.4 39.7 89 94 78 110 56 0.00 0.01 
10/19/2019 45.5 57.3 36.1 80 96 55 650 324 0.00 0.07 
10/20/2019 50.5 60.3 40.6 80 92 67 527 138 0.01 0.04 
10/21/2019 51.8 67.0 40.1 82 97 50 608 319 0.00 0.08 
10/22/2019 56.7 59.3 53.3 80 95 65 82 37 0.45 0.03 
10/23/2019 51.6 59.7 45.4 74 95 44 668 239 0.00 0.06 



































10/25/2019 47.5 49.7 45.1 90 96 81 132 57 0.10 0.01 
10/26/2019 48.2 55.8 40.2 86 97 69 631 211 0.02 0.05 
10/27/2019 54.6 64.9 48.9 88 95 76 642 163 0.60 0.04 
10/28/2019 55.7 67.0 48.6 79 92 55 591 288 0.01 0.07 
10/29/2019 58.0 66.5 50.3 74 89 60 571 272 0.00 0.09 
10/30/2019 57.7 60.8 55.4 83 87 79 119 57 0.00 0.02 
10/31/2019 61.9 68.1 54.6 93 96 87 159 48 1.55 0.01 
11/1/2019 41.9 54.6 38.2 70 95 64 154 60 0.09 0.03 
11/2/2019 42.6 50.2 37.8 66 80 47 592 234 0.00 0.06 
11/3/2019 40.2 43.7 36.1 71 86 57 238 114 0.00 0.03 
11/4/2019 43.8 50.9 33.5 62 84 47 317 121 0.00 0.05 
11/5/2019 45.8 51.0 40.5 78 93 56 118 56 0.25 0.03 






Appendix E: Soil Temperature Moisture and Data 
Table 31: Daily mean soil temperature (⁰F) for OMF and Depth treatments 
Date 1A 1B  1C  2A  2B  2C  3A 3B  3C  
6/1/2019 69 67 68 68 69 68 69 68 69 
6/2/2019 68 67 68 68 69 68 68 67 69 
6/3/2019 62 61 62 62 63 63 61 61 62 
6/4/2019 60 59 61 60 61 61 59 59 61 
6/5/2019 62 61 62 62 63 62 61 61 63 
6/6/2019 67 65 67 66 67 66 67 66 67 
6/7/2019 69 67 69 67 68 68 68 67 69 
6/8/2019 71 69 71 70 70 70 70 69 72 
6/9/2019 73 70 73 72 72 72 72 70 74 
6/10/2019 72 69 72 71 72 72 71 69 73 
6/11/2019 70 68 69 69 70 70 69 69 70 
6/12/2019 70 67 69 68 69 69 69 68 70 
6/13/2019 68 66 69 67 69 69 67 66 69 
6/14/2019 64 64 64 65 66 65 64 64 65 
6/15/2019 65 64 65 65 65 65 64 64 65 
6/16/2019 66 64 65 65 66 65 65 65 66 
6/17/2019 67 65 66 66 66 66 66 66 67 
6/18/2019 70 68 69 69 70 69 69 68 70 
6/19/2019 74 73 74 73 73 73 73 73 74 
6/20/2019 75 75 75 75 75 75 75 74 75 
6/21/2019 74 73 74 74 74 74 73 73 74 
6/22/2019 73 71 73 72 73 73 72 72 73 
6/23/2019 75 72 75 73 75 74 74 73 76 
6/24/2019 75 72 75 73 75 74 73 72 75 
6/25/2019 78 74 77 75 77 76 76 75 78 
6/26/2019 79 76 79 77 79 78 78 77 80 
6/27/2019 81 80 81 79 81 81 79 79 82 
6/28/2019 80 80 80 80 81 81 79 79 81 
6/29/2019 82 80 82 81 82 82 80 80 82 
6/30/2019 80 78 80 78 81 81 78 78 80 
7/1/2019 78 76 79 76 79 78 75 76 78 
7/2/2019 78 76 79 75 78 78 75 76 78 
7/3/2019 80 77 80 77 80 79 77 77 80 
7/4/2019 84 81 84 81 83 83 81 81 84 




Date 1A 1B  1C  2A  2B  2C  3A 3B  3C  
7/6/2019 85 83 86 84 85 85 83 83 85 
7/7/2019 81 80 81 80 82 81 79 79 81 
7/8/2019 79 77 80 78 79 79 77 77 79 
7/9/2019 80 77 80 78 79 79 77 76 79 
7/10/2019 82 79 82 79 81 80 79 78 81 
7/11/2019 84 81 84 82 83 83 81 81 83 
7/12/2019 79 78 80 78 80 80 77 77 79 
7/13/2019 79 77 79 77 79 78 77 77 78 
7/14/2019 83 80 83 81 82 82 81 80 83 
7/15/2019 82 80 83 80 82 81 80 80 82 
7/16/2019 83 81 84 82 83 83 81 81 83 
7/17/2019 80 79 81 79 80 80 78 78 80 
7/18/2019 79 77 79 78 79 78 77 77 78 
7/19/2019 81 79 80 80 80 80 79 79 80 
7/20/2019 83 81 82 81 82 81 81 81 82 
7/21/2019 84 82 83 83 83 83 83 82 84 
7/22/2019 79 78 80 79 80 80 78 77 79 
7/23/2019 76 75 76 75 76 76 74 75 76 
7/24/2019 76 74 76 75 76 75 74 74 75 
7/25/2019 77 74 76 75 76 75 75 74 76 
7/26/2019 79 76 79 77 78 77 77 76 78 
7/27/2019 78 76 78 77 78 77 76 75 77 
7/28/2019 80 77 79 78 78 77 78 77 78 
7/29/2019 82 78 80 79 80 79 80 78 80 
7/30/2019 81 79 80 79 80 79 79 78 79 
7/31/2019 79 77 78 78 78 77 77 76 77 
8/1/2019 78 76 77 77 77 76 76 75 77 
8/2/2019 80 79 79 80 79 79 79 78 79 
8/3/2019 81 79 80 80 81 81 79 79 81 
8/4/2019 80 77 79 79 79 79 78 77 79 
8/5/2019 79 75 77 76 78 77 76 75 77 
8/6/2019 80 77 79 78 79 78 77 77 79 
8/7/2019 77 75 77 76 77 76 75 74 76 
8/8/2019 77 76 76 76 77 76 75 75 76 
8/9/2019 75 74 75 74 75 75 74 73 75 
8/10/2019 73 72 73 72 73 73 72 72 73 
8/11/2019 73 71 72 72 73 72 71 71 73 
8/12/2019 75 72 74 73 74 73 73 72 74 




Date 1A 1B  1C  2A  2B  2C  3A 3B  3C  
8/14/2019 78 75 77 76 77 76 76 75 77 
8/15/2019 79 76 78 77 78 77 77 76 78 
8/16/2019 78 76 77 77 78 77 76 75 77 
8/17/2019 76 74 75 74 75 75 74 73 74 
8/18/2019 75 73 73 73 74 73 73 72 73 
8/19/2019 76 74 75 75 75 74 75 74 75 
8/20/2019 78 76 77 77 77 76 77 76 77 
8/21/2019 78 76 77 77 77 76 77 76 77 
8/22/2019 77 75 76 76 76 75 75 75 76 
8/23/2019 74 72 73 73 73 73 72 72 72 
8/24/2019 71 70 71 70 71 70 69 69 70 
8/25/2019 70 67 68 68 69 68 67 66 68 
8/26/2019 71 68 69 69 70 69 69 67 69 
8/27/2019 71 68 71 69 70 70 69 68 70 
8/28/2019 71 69 70 69 70 69 69 68 70 
8/29/2019 70 68 68 68 69 68 68 67 68 
8/30/2019 71 68 70 69 70 69 70 69 70 
8/31/2019 70 68 70 69 70 69 70 69 70 
9/1/2019 68 66 67 67 68 67 67 66 67 
9/2/2019 68 66 67 66 67 66 66 66 67 
9/3/2019 68 66 67 67 68 67 67 67 67 
9/4/2019 71 69 70 70 70 69 70 70 70 
9/5/2019 73 71 72 73 73 73 71 72 72 
9/6/2019 71 69 70 71 71 71 70 69 70 
9/7/2019 70 68 69 69 70 69 69 68 69 
9/8/2019 68 66 67 67 68 67 67 66 67 
9/9/2019 68 65 66 66 67 66 66 65 66 
9/10/2019 68 65 66 66 67 66 66 65 66 
9/11/2019 74 70 72 72 72 71 72 71 72 
9/12/2019 72 70 71 71 71 71 71 70 71 
9/13/2019 67 66 66 66 66 66 65 65 66 
9/14/2019 67 65 66 66 66 66 65 65 66 
9/15/2019 68 66 67 66 67 66 66 66 66 
9/16/2019 69 67 68 67 68 67 67 67 68 
9/17/2019 68 65 67 66 67 66 66 66 67 
9/18/2019 68 64 66 65 67 66 65 65 66 
9/19/2019 68 64 66 65 67 66 65 65 66 
9/20/2019 69 65 67 66 68 66 66 66 67 




Date 1A 1B  1C  2A  2B  2C  3A 3B  3C  
9/22/2019 74 70 72 71 72 70 72 71 72 
9/23/2019 75 72 74 73 74 73 74 72 74 
9/24/2019 71 69 70 69 70 70 69 69 69 
9/25/2019 68 66 67 66 67 67 66 66 66 
9/26/2019 68 66 67 67 68 67 66 66 67 
9/27/2019 65 63 64 64 65 64 63 64 64 
9/28/2019 68 65 67 66 67 66 66 66 67 
9/29/2019 69 67 68 68 68 68 67 67 68 
9/30/2019 64 63 64 63 64 64 62 63 63 
10/1/2019 67 65 65 65 66 65 65 65 66 
10/2/2019 70 68 69 69 69 69 69 68 69 
10/3/2019 62 62 62 62 63 63 61 61 61 
10/4/2019 60 58 59 59 59 60 57 58 58 
10/5/2019 55 54 55 54 56 56 53 54 55 
10/6/2019 56 54 55 55 55 55 54 54 55 
10/7/2019 60 58 58 58 58 58 58 58 59 
10/8/2019 59 57 57 57 58 57 57 57 58 
10/9/2019 59 57 59 58 59 60 58 59 59 
10/10/2019 59 57 58 58 59 59 57 57 58 
10/11/2019 58 55 57 56 57 57 56 56 57 
10/12/2019 57 55 56 56 56 56 55 55 56 
10/13/2019 55 53 54 54 54 54 53 53 54 
10/14/2019 56 54 54 54 55 55 54 54 55 
10/15/2019 55 53 53 53 54 54 53 53 54 
10/16/2019 54 53 53 53 54 54 53 53 54 
10/17/2019 53 52 52 52 52 52 51 52 52 
10/18/2019 51 49 49 50 50 50 49 49 50 
10/19/2019 50 48 48 48 49 49 47 48 49 
10/20/2019 50 48 49 49 49 49 48 49 49 
10/21/2019 52 50 50 50 51 50 50 50 49 
10/22/2019 54 52 53 53 53 53 53 53 48 
10/23/2019 56 54 55 55 56 56 55 55 46 
10/24/2019 53 53 53 53 54 54 52 53 44 
10/25/2019 53 52 52 52 52 53 51 52 46 
10/26/2019 52 51 51 51 51 51 50 51 46 
10/27/2019 54 52 52 52 53 52 52 52 43 
10/28/2019 56 54 54 55 55 54 55 55 39 
10/29/2019 56 54 54 54 55 55 55 55 37 




Date 1A 1B  1C  2A  2B  2C  3A 3B  3C  
10/31/2019 59 58 57 58 58 57 58 58 38 
11/1/2019 55 55 55 55 56 56 54 54 36 
11/2/2019 49 48 48 48 49 49 47 48 35 
11/3/2019 47 46 47 47 47 47 45 46 NA 
11/4/2019 44 43 44 43 44 45 42 43 NA 
11/5/2019 46 45 45 45 45 46 44 45 NA 
11/6/2019 46 44 45 45 46 45 44 45 NA 
 
Table 32:Daily mean soil moisture (m3/m3) for soil mix 1 columns 
Date 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
6/1/2019 0.22 0.18 0.24 0.22 0.2 0.16 0.19 0.18 
6/2/2019 0.22 0.18 0.24 0.22 0.19 0.16 0.2 0.18 
6/3/2019 0.21 0.17 0.23 0.21 0.19 0.16 0.19 0.17 
6/4/2019 0.2 0.16 0.21 0.21 0.18 0.15 0.18 0.16 
6/5/2019 0.2 0.17 0.22 0.21 0.18 0.15 0.18 0.16 
6/6/2019 0.22 0.17 0.24 0.22 0.2 0.16 0.2 0.18 
6/7/2019 0.22 0.18 0.25 0.23 0.22 0.17 0.2 0.19 
6/8/2019 0.22 0.18 0.23 0.22 0.2 0.17 0.2 0.19 
6/9/2019 0.21 0.17 0.21 0.21 0.18 0.15 0.19 0.17 
6/10/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.16 
6/11/2019 0.22 0.17 0.22 0.21 0.19 0.16 0.19 0.18 
6/12/2019 0.2 0.16 0.21 0.21 0.18 0.15 0.18 0.17 
6/13/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.16 
6/14/2019 0.24 0.21 0.3 0.25 0.27 0.19 0.23 0.22 
6/15/2019 0.22 0.18 0.24 0.22 0.21 0.17 0.2 0.19 
6/16/2019 0.23 0.18 0.26 0.22 0.21 0.17 0.21 0.19 
6/17/2019 0.22 0.18 0.23 0.22 0.2 0.16 0.2 0.18 
6/18/2019 0.21 0.17 0.21 0.21 0.18 0.15 0.19 0.18 
6/19/2019 0.23 0.2 0.27 0.24 0.25 0.18 0.23 0.21 
6/20/2019 0.24 0.19 0.26 0.23 0.24 0.18 0.22 0.2 
6/21/2019 0.23 0.18 0.24 0.22 0.2 0.17 0.21 0.19 
6/22/2019 0.21 0.17 0.21 0.21 0.19 0.16 0.19 0.18 
6/23/2019 0.2 0.17 0.2 0.21 0.18 0.15 0.19 0.17 
6/24/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.17 
6/25/2019 0.2 0.16 0.19 0.2 0.17 0.14 0.18 0.16 
6/26/2019 0.2 0.16 0.19 0.2 0.17 0.14 0.18 0.16 




Date 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
6/28/2019 0.22 0.18 0.22 0.22 0.19 0.17 0.2 0.19 
6/29/2019 0.21 0.17 0.2 0.21 0.17 0.15 0.19 0.18 
6/30/2019 0.2 0.16 0.19 0.21 0.17 0.15 0.18 0.17 
7/1/2019 0.2 0.16 0.19 0.2 0.16 0.14 0.18 0.17 
7/2/2019 0.19 0.16 0.19 0.2 0.16 0.14 0.17 0.16 
7/3/2019 0.19 0.16 0.18 0.2 0.16 0.14 0.17 0.16 
7/4/2019 0.19 0.16 0.18 0.2 0.16 0.14 0.17 0.16 
7/5/2019 0.19 0.16 0.18 0.2 0.16 0.14 0.17 0.16 
7/6/2019 0.2 0.16 0.19 0.21 0.17 0.16 0.17 0.16 
7/7/2019 0.22 0.17 0.2 0.21 0.18 0.19 0.18 0.17 
7/8/2019 0.2 0.16 0.19 0.21 0.17 0.16 0.18 0.17 
7/9/2019 0.2 0.16 0.19 0.2 0.16 0.15 0.17 0.16 
7/10/2019 0.19 0.15 0.19 0.2 0.16 0.15 0.17 0.16 
7/11/2019 0.19 0.15 0.18 0.2 0.16 0.14 0.17 0.16 
7/12/2019 0.19 0.15 0.18 0.2 0.16 0.14 0.17 0.15 
7/13/2019 0.19 0.15 0.18 0.2 0.16 0.14 0.17 0.16 
7/14/2019 0.19 0.15 0.18 0.2 0.16 0.14 0.17 0.16 
7/15/2019 0.19 0.15 0.18 0.2 0.15 0.14 0.17 0.15 
7/16/2019 0.21 0.17 0.21 0.21 0.19 0.15 0.18 0.16 
7/17/2019 0.24 0.19 0.24 0.23 0.22 0.18 0.21 0.18 
7/18/2019 0.22 0.17 0.21 0.22 0.19 0.17 0.2 0.18 
7/19/2019 0.21 0.16 0.2 0.21 0.17 0.16 0.19 0.17 
7/20/2019 0.2 0.16 0.19 0.21 0.17 0.15 0.18 0.17 
7/21/2019 0.2 0.16 0.19 0.21 0.17 0.15 0.18 0.17 
7/22/2019 0.21 0.17 0.21 0.21 0.19 0.16 0.19 0.17 
7/23/2019 0.22 0.17 0.22 0.22 0.19 0.17 0.2 0.18 
7/24/2019 0.2 0.16 0.2 0.21 0.17 0.16 0.19 0.17 
7/25/2019 0.2 0.16 0.19 0.2 0.17 0.15 0.18 0.17 
7/26/2019 0.2 0.16 0.19 0.2 0.17 0.16 0.18 0.17 
7/27/2019 0.21 0.16 0.21 0.21 0.18 0.17 0.19 0.18 
7/28/2019 0.2 0.16 0.2 0.21 0.17 0.16 0.18 0.17 
7/29/2019 0.2 0.16 0.19 0.2 0.17 0.15 0.18 0.17 
7/30/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.17 
7/31/2019 0.23 0.18 0.23 0.22 0.19 0.18 0.2 0.18 
8/1/2019 0.21 0.16 0.2 0.21 0.18 0.16 0.19 0.17 
8/2/2019 0.23 0.2 0.27 0.25 0.26 0.19 0.22 0.21 
8/3/2019 0.22 0.18 0.22 0.22 0.2 0.17 0.2 0.2 
8/4/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.18 




Date 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
8/6/2019 0.2 0.16 0.19 0.2 0.17 0.15 0.18 0.17 
8/7/2019 0.21 0.17 0.21 0.21 0.18 0.16 0.19 0.18 
8/8/2019 0.24 0.2 0.28 0.24 0.27 0.19 0.22 0.21 
8/9/2019 0.23 0.18 0.23 0.22 0.21 0.17 0.2 0.19 
8/10/2019 0.22 0.17 0.22 0.21 0.19 0.16 0.19 0.18 
8/11/2019 0.21 0.16 0.21 0.21 0.18 0.15 0.19 0.18 
8/12/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.17 
8/13/2019 0.2 0.16 0.19 0.2 0.17 0.15 0.18 0.17 
8/14/2019 0.2 0.16 0.19 0.2 0.16 0.14 0.18 0.17 
8/15/2019 0.2 0.16 0.19 0.2 0.16 0.14 0.18 0.16 
8/16/2019 0.21 0.16 0.21 0.2 0.18 0.15 0.18 0.16 
8/17/2019 0.25 0.19 0.26 0.23 0.24 0.19 0.21 0.19 
8/18/2019 0.23 0.18 0.25 0.22 0.22 0.18 0.2 0.19 
8/19/2019 0.22 0.17 0.23 0.22 0.2 0.17 0.2 0.19 
8/20/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.18 
8/21/2019 0.24 0.18 0.25 0.22 0.21 0.18 0.2 0.19 
8/22/2019 0.22 0.17 0.22 0.21 0.19 0.17 0.19 0.19 
8/23/2019 0.21 0.16 0.21 0.21 0.17 0.16 0.19 0.18 
8/24/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
8/25/2019 0.2 0.16 0.2 0.2 0.16 0.14 0.18 0.17 
8/26/2019 0.2 0.15 0.19 0.2 0.16 0.14 0.18 0.16 
8/27/2019 0.19 0.15 0.19 0.2 0.16 0.14 0.18 0.16 
8/28/2019 0.23 0.18 0.25 0.22 0.24 0.18 0.19 0.18 
8/29/2019 0.23 0.17 0.24 0.21 0.21 0.17 0.2 0.19 
8/30/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.18 
8/31/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
9/1/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
9/2/2019 0.25 0.19 0.28 0.23 0.27 0.2 0.21 0.19 
9/3/2019 0.22 0.17 0.23 0.21 0.2 0.17 0.19 0.19 
9/4/2019 0.23 0.17 0.23 0.21 0.19 0.17 0.19 0.18 
9/5/2019 0.25 0.2 0.28 0.24 0.26 0.2 0.23 0.22 
9/6/2019 0.23 0.18 0.24 0.22 0.2 0.17 0.2 0.2 
9/7/2019 0.22 0.17 0.21 0.21 0.18 0.16 0.19 0.18 
9/8/2019 0.21 0.16 0.21 0.21 0.18 0.15 0.19 0.17 
9/9/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.17 
9/10/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
9/11/2019 0.2 0.16 0.2 0.2 0.17 0.14 0.18 0.17 
9/12/2019 0.24 0.2 0.29 0.25 0.28 0.19 0.23 0.21 




Date 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
9/14/2019 0.21 0.17 0.22 0.21 0.19 0.16 0.19 0.18 
9/15/2019 0.21 0.16 0.21 0.21 0.18 0.15 0.19 0.17 
9/16/2019 0.21 0.16 0.21 0.21 0.18 0.15 0.19 0.17 
9/17/2019 0.2 0.16 0.2 0.21 0.18 0.15 0.18 0.17 
9/18/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.17 
9/19/2019 0.2 0.16 0.2 0.2 0.17 0.14 0.18 0.17 
9/20/2019 0.2 0.15 0.19 0.2 0.17 0.14 0.18 0.16 
9/21/2019 0.2 0.15 0.19 0.2 0.16 0.14 0.18 0.16 
9/22/2019 0.2 0.15 0.19 0.2 0.16 0.14 0.17 0.16 
9/23/2019 0.2 0.16 0.19 0.2 0.16 0.14 0.17 0.16 
9/24/2019 0.21 0.17 0.21 0.21 0.18 0.16 0.18 0.17 
9/25/2019 0.2 0.16 0.21 0.21 0.18 0.16 0.18 0.17 
9/26/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
9/27/2019 0.2 0.16 0.2 0.2 0.18 0.16 0.18 0.17 
9/28/2019 0.2 0.16 0.2 0.2 0.17 0.15 0.18 0.17 
9/29/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.17 
9/30/2019 0.2 0.16 0.2 0.21 0.18 0.15 0.18 0.17 
10/1/2019 0.2 0.16 0.2 0.21 0.17 0.15 0.18 0.17 
10/2/2019 0.23 0.17 0.25 0.22 0.24 0.19 0.2 0.18 
10/3/2019 0.23 0.17 0.26 0.22 0.24 0.19 0.21 0.19 
10/4/2019 0.23 0.17 0.25 0.22 0.23 0.18 0.2 0.19 
10/5/2019 0.21 0.16 0.23 0.21 0.2 0.17 0.19 0.18 
10/6/2019 0.21 0.16 0.22 0.21 0.18 0.16 0.19 0.18 
10/7/2019 0.28 0.19 0.3 0.23 0.31 0.22 0.23 0.2 
10/8/2019 0.24 0.17 0.24 0.22 0.22 0.18 0.2 0.19 
10/9/2019 0.26 0.21 0.3 0.25 0.3 0.22 0.24 0.22 
10/10/2019 0.24 0.18 0.26 0.23 0.23 0.18 0.21 0.2 
10/11/2019 0.22 0.17 0.23 0.22 0.2 0.17 0.2 0.18 
10/12/2019 0.21 0.17 0.22 0.21 0.19 0.16 0.19 0.17 
10/13/2019 0.21 0.17 0.22 0.21 0.19 0.16 0.19 0.17 
10/14/2019 0.21 0.16 0.21 0.21 0.18 0.16 0.19 0.17 
10/15/2019 0.2 0.16 0.21 0.21 0.18 0.15 0.18 0.17 
10/16/2019 0.22 0.17 0.24 0.22 0.22 0.17 0.2 0.18 
10/17/2019 0.28 0.19 0.31 0.24 0.31 0.2 0.23 0.21 
10/18/2019 0.25 0.17 0.26 0.22 0.24 0.18 0.21 0.19 
10/19/2019 0.22 0.17 0.24 0.22 0.21 0.17 0.2 0.18 
10/20/2019 0.22 0.16 0.22 0.21 0.19 0.16 0.19 0.18 
10/21/2019 0.21 0.16 0.22 0.21 0.19 0.16 0.19 0.17 




Date 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
10/23/2019 0.28 0.22 0.33 0.26 0.33 0.24 0.26 0.23 
10/24/2019 0.25 0.18 0.26 0.23 0.24 0.19 0.21 0.2 
10/25/2019 0.23 0.17 0.23 0.22 0.21 0.17 0.2 0.18 
10/26/2019 0.23 0.17 0.23 0.22 0.21 0.17 0.2 0.18 
10/27/2019 0.25 0.18 0.28 0.23 0.27 0.19 0.22 0.2 
10/28/2019 0.23 0.17 0.24 0.22 0.22 0.18 0.21 0.19 
10/29/2019 0.22 0.17 0.22 0.22 0.2 0.17 0.2 0.18 
10/30/2019 0.21 0.17 0.21 0.21 0.19 0.16 0.19 0.18 
10/31/2019 0.25 0.19 0.28 0.23 0.27 0.19 0.22 0.2 
11/1/2019 0.26 0.18 0.27 0.23 0.25 0.2 0.22 0.2 
11/2/2019 0.23 0.17 0.24 0.22 0.2 0.17 0.2 0.18 
11/3/2019 0.22 0.17 0.22 0.21 0.19 0.16 0.19 0.18 
11/4/2019 0.21 0.16 0.22 0.21 0.19 0.16 0.19 0.17 
11/5/2019 0.22 0.17 0.22 0.21 0.2 0.16 0.19 0.17 
11/6/2019 0.28 0.22 0.31 0.25 0.31 0.24 0.25 0.23 
 
Table 33: Daily mean soil moisture (m3/m3) for soil mix 2 columns 
Date  2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
6/1/2019 0.26 0.28 0.23 0.32 0.27 0.26 0.18 0.13 0.21 
6/2/2019 0.27 0.28 0.23 0.32 0.27 0.27 0.18 0.13 0.21 
6/3/2019 0.25 0.27 0.23 0.31 0.26 0.25 0.18 0.13 0.2 
6/4/2019 0.24 0.26 0.23 0.3 0.25 0.24 0.17 0.12 0.2 
6/5/2019 0.24 0.26 0.23 0.31 0.25 0.24 0.17 0.12 0.19 
6/6/2019 0.27 0.28 0.23 0.34 0.26 0.27 0.19 0.13 0.21 
6/7/2019 0.27 0.28 0.24 0.34 0.28 0.28 0.2 0.14 0.21 
6/8/2019 0.27 0.28 0.23 0.33 0.28 0.27 0.2 0.13 0.21 
6/9/2019 0.24 0.26 0.23 0.3 0.26 0.24 0.18 0.13 0.2 
6/10/2019 0.24 0.25 0.23 0.29 0.25 0.23 0.17 0.12 0.2 
6/11/2019 0.26 0.26 0.23 0.31 0.26 0.26 0.19 0.13 0.21 
6/12/2019 0.24 0.26 0.22 0.3 0.25 0.24 0.18 0.12 0.2 
6/13/2019 0.24 0.26 0.23 0.29 0.25 0.23 0.17 0.12 0.2 
6/14/2019 0.32 0.31 0.26 0.38 0.32 0.34 0.23 0.16 0.24 
6/15/2019 0.28 0.29 0.24 0.34 0.29 0.28 0.2 0.14 0.21 
6/16/2019 0.28 0.29 0.24 0.35 0.28 0.29 0.2 0.14 0.22 
6/17/2019 0.27 0.28 0.23 0.33 0.27 0.27 0.19 0.13 0.21 
6/18/2019 0.25 0.27 0.23 0.31 0.26 0.25 0.19 0.13 0.2 




Date  2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
6/20/2019 0.31 0.3 0.25 0.37 0.29 0.31 0.23 0.15 0.24 
6/21/2019 0.29 0.29 0.24 0.35 0.28 0.28 0.21 0.14 0.22 
6/22/2019 0.26 0.28 0.23 0.32 0.27 0.25 0.2 0.13 0.21 
6/23/2019 0.24 0.27 0.23 0.3 0.26 0.24 0.19 0.13 0.2 
6/24/2019 0.24 0.26 0.23 0.29 0.25 0.23 0.18 0.12 0.2 
6/25/2019 0.23 0.25 0.23 0.28 0.25 0.22 0.17 0.12 0.2 
6/26/2019 0.23 0.24 0.23 0.28 0.24 0.22 0.17 0.12 0.19 
6/27/2019 0.3 0.3 0.26 0.37 0.31 0.32 0.22 0.16 0.23 
6/28/2019 0.28 0.28 0.24 0.33 0.28 0.26 0.21 0.14 0.22 
6/29/2019 0.25 0.26 0.23 0.3 0.26 0.24 0.19 0.13 0.21 
6/30/2019 0.24 0.25 0.23 0.28 0.25 0.23 0.18 0.13 0.2 
7/1/2019 0.23 0.25 0.23 0.28 0.25 0.22 0.18 0.12 0.2 
7/2/2019 0.23 0.24 0.22 0.27 0.24 0.21 0.17 0.12 0.19 
7/3/2019 0.23 0.23 0.22 0.27 0.24 0.21 0.17 0.12 0.19 
7/4/2019 0.23 0.23 0.22 0.27 0.24 0.21 0.17 0.12 0.19 
7/5/2019 0.23 0.22 0.22 0.26 0.23 0.2 0.17 0.12 0.19 
7/6/2019 0.24 0.24 0.23 0.29 0.25 0.24 0.18 0.13 0.21 
7/7/2019 0.26 0.26 0.23 0.31 0.26 0.26 0.2 0.14 0.22 
7/8/2019 0.24 0.25 0.22 0.29 0.25 0.24 0.19 0.13 0.2 
7/9/2019 0.23 0.24 0.22 0.28 0.24 0.22 0.18 0.12 0.2 
7/10/2019 0.23 0.23 0.22 0.27 0.24 0.22 0.18 0.12 0.19 
7/11/2019 0.23 0.23 0.22 0.26 0.24 0.21 0.17 0.12 0.19 
7/12/2019 0.22 0.22 0.22 0.26 0.23 0.21 0.17 0.12 0.19 
7/13/2019 0.22 0.22 0.22 0.26 0.23 0.21 0.16 0.12 0.19 
7/14/2019 0.22 0.22 0.22 0.26 0.23 0.2 0.16 0.12 0.19 
7/15/2019 0.22 0.22 0.22 0.25 0.23 0.2 0.16 0.12 0.18 
7/16/2019 0.24 0.24 0.23 0.29 0.25 0.23 0.19 0.13 0.2 
7/17/2019 0.28 0.28 0.24 0.33 0.27 0.28 0.22 0.15 0.23 
7/18/2019 0.26 0.27 0.23 0.3 0.26 0.25 0.2 0.14 0.22 
7/19/2019 0.24 0.26 0.23 0.28 0.25 0.24 0.19 0.13 0.21 
7/20/2019 0.24 0.25 0.23 0.28 0.25 0.23 0.19 0.13 0.2 
7/21/2019 0.23 0.25 0.22 0.27 0.24 0.22 0.18 0.13 0.2 
7/22/2019 0.25 0.25 0.23 0.29 0.25 0.24 0.19 0.13 0.21 
7/23/2019 0.26 0.26 0.23 0.3 0.25 0.25 0.2 0.14 0.21 
7/24/2019 0.24 0.25 0.22 0.28 0.25 0.23 0.19 0.13 0.2 
7/25/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.18 0.13 0.2 
7/26/2019 0.24 0.25 0.22 0.28 0.24 0.24 0.18 0.13 0.2 
7/27/2019 0.25 0.27 0.22 0.3 0.25 0.25 0.19 0.13 0.21 




Date  2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
7/29/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.18 0.12 0.2 
7/30/2019 0.24 0.25 0.23 0.28 0.25 0.25 0.18 0.13 0.21 
7/31/2019 0.26 0.28 0.23 0.31 0.27 0.28 0.21 0.15 0.22 
8/1/2019 0.24 0.26 0.22 0.29 0.25 0.25 0.19 0.13 0.21 
8/2/2019 0.28 0.29 0.24 0.34 0.28 0.3 0.22 0.16 0.23 
8/3/2019 0.26 0.28 0.23 0.32 0.27 0.26 0.2 0.14 0.22 
8/4/2019 0.25 0.27 0.23 0.29 0.26 0.24 0.19 0.13 0.21 
8/5/2019 0.24 0.26 0.23 0.28 0.25 0.23 0.18 0.13 0.2 
8/6/2019 0.23 0.25 0.22 0.27 0.25 0.23 0.18 0.12 0.2 
8/7/2019 0.25 0.26 0.23 0.29 0.25 0.25 0.19 0.13 0.2 
8/8/2019 0.28 0.29 0.24 0.35 0.27 0.3 0.22 0.15 0.23 
8/9/2019 0.27 0.29 0.23 0.32 0.27 0.27 0.2 0.14 0.22 
8/10/2019 0.25 0.28 0.23 0.31 0.26 0.26 0.19 0.13 0.21 
8/11/2019 0.25 0.27 0.23 0.29 0.25 0.25 0.19 0.13 0.2 
8/12/2019 0.24 0.26 0.23 0.28 0.25 0.24 0.18 0.13 0.2 
8/13/2019 0.23 0.25 0.22 0.28 0.24 0.23 0.18 0.12 0.2 
8/14/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.17 0.12 0.2 
8/15/2019 0.23 0.24 0.22 0.27 0.24 0.22 0.17 0.12 0.19 
8/16/2019 0.24 0.24 0.23 0.29 0.25 0.24 0.18 0.12 0.2 
8/17/2019 0.28 0.29 0.24 0.35 0.28 0.3 0.22 0.16 0.23 
8/18/2019 0.28 0.29 0.23 0.35 0.27 0.29 0.21 0.15 0.23 
8/19/2019 0.26 0.28 0.23 0.33 0.26 0.27 0.2 0.14 0.22 
8/20/2019 0.24 0.27 0.23 0.3 0.25 0.25 0.19 0.13 0.21 
8/21/2019 0.27 0.29 0.23 0.34 0.28 0.31 0.2 0.15 0.22 
8/22/2019 0.26 0.28 0.23 0.32 0.26 0.27 0.2 0.14 0.21 
8/23/2019 0.24 0.27 0.22 0.3 0.25 0.25 0.19 0.13 0.2 
8/24/2019 0.24 0.26 0.22 0.29 0.25 0.24 0.18 0.13 0.2 
8/25/2019 0.23 0.26 0.22 0.28 0.25 0.23 0.18 0.12 0.2 
8/26/2019 0.23 0.25 0.22 0.28 0.24 0.23 0.17 0.12 0.19 
8/27/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.17 0.12 0.19 
8/28/2019 0.26 0.27 0.23 0.33 0.26 0.28 0.19 0.14 0.21 
8/29/2019 0.26 0.28 0.23 0.33 0.27 0.28 0.2 0.14 0.22 
8/30/2019 0.24 0.27 0.22 0.3 0.26 0.26 0.19 0.13 0.21 
8/31/2019 0.24 0.26 0.22 0.29 0.25 0.24 0.18 0.13 0.2 
9/1/2019 0.23 0.26 0.22 0.28 0.25 0.24 0.18 0.12 0.2 
9/2/2019 0.29 0.3 0.24 0.37 0.28 0.32 0.21 0.15 0.23 
9/3/2019 0.26 0.29 0.23 0.32 0.26 0.27 0.2 0.14 0.21 
9/4/2019 0.25 0.28 0.23 0.31 0.26 0.28 0.19 0.14 0.21 




Date  2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
9/6/2019 0.27 0.29 0.23 0.33 0.27 0.28 0.2 0.14 0.22 
9/7/2019 0.25 0.27 0.23 0.31 0.26 0.26 0.19 0.13 0.21 
9/8/2019 0.24 0.27 0.23 0.29 0.25 0.25 0.19 0.13 0.2 
9/9/2019 0.24 0.26 0.23 0.29 0.25 0.24 0.18 0.13 0.2 
9/10/2019 0.24 0.26 0.22 0.28 0.24 0.24 0.18 0.12 0.2 
9/11/2019 0.24 0.25 0.23 0.28 0.24 0.23 0.18 0.12 0.2 
9/12/2019 0.29 0.3 0.25 0.36 0.28 0.32 0.22 0.16 0.23 
9/13/2019 0.27 0.3 0.23 0.34 0.27 0.29 0.21 0.14 0.22 
9/14/2019 0.25 0.28 0.23 0.3 0.25 0.26 0.19 0.13 0.21 
9/15/2019 0.24 0.27 0.23 0.29 0.25 0.25 0.18 0.13 0.21 
9/16/2019 0.24 0.27 0.23 0.29 0.25 0.25 0.18 0.13 0.21 
9/17/2019 0.24 0.27 0.23 0.29 0.25 0.25 0.18 0.13 0.2 
9/18/2019 0.24 0.26 0.22 0.28 0.24 0.24 0.18 0.12 0.2 
9/19/2019 0.23 0.26 0.22 0.28 0.24 0.24 0.18 0.12 0.2 
9/20/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.17 0.12 0.19 
9/21/2019 0.23 0.25 0.22 0.27 0.24 0.23 0.17 0.12 0.19 
9/22/2019 0.23 0.24 0.22 0.26 0.24 0.22 0.17 0.12 0.19 
9/23/2019 0.23 0.24 0.22 0.26 0.23 0.22 0.17 0.12 0.19 
9/24/2019 0.24 0.25 0.22 0.28 0.23 0.24 0.17 0.12 0.2 
9/25/2019 0.24 0.25 0.22 0.28 0.24 0.25 0.18 0.12 0.2 
9/26/2019 0.23 0.25 0.22 0.27 0.24 0.24 0.17 0.12 0.2 
9/27/2019 0.23 0.25 0.22 0.28 0.24 0.25 0.18 0.12 0.2 
9/28/2019 0.23 0.25 0.22 0.27 0.24 0.24 0.17 0.12 0.19 
9/29/2019 0.24 0.25 0.22 0.28 0.24 0.25 0.18 0.12 0.2 
9/30/2019 0.23 0.25 0.22 0.28 0.24 0.25 0.18 0.12 0.2 
10/1/2019 0.23 0.25 0.22 0.28 0.24 0.24 0.18 0.12 0.2 
10/2/2019 0.26 0.28 0.23 0.34 0.25 0.29 0.2 0.14 0.21 
10/3/2019 0.27 0.29 0.23 0.35 0.26 0.29 0.21 0.14 0.22 
10/4/2019 0.27 0.29 0.23 0.34 0.26 0.29 0.2 0.14 0.22 
10/5/2019 0.25 0.29 0.22 0.31 0.25 0.27 0.19 0.13 0.21 
10/6/2019 0.24 0.28 0.22 0.3 0.25 0.26 0.19 0.13 0.2 
10/7/2019 0.3 0.3 0.24 0.37 0.32 0.38 0.22 0.16 0.23 
10/8/2019 0.27 0.29 0.23 0.33 0.28 0.31 0.2 0.14 0.21 
10/9/2019 0.31 0.32 0.26 0.38 0.31 0.36 0.24 0.17 0.24 
10/10/2019 0.28 0.31 0.24 0.34 0.28 0.31 0.21 0.15 0.22 
10/11/2019 0.26 0.29 0.23 0.31 0.26 0.28 0.19 0.13 0.21 
10/12/2019 0.25 0.28 0.23 0.3 0.26 0.27 0.19 0.13 0.21 
10/13/2019 0.25 0.28 0.23 0.3 0.25 0.27 0.19 0.13 0.2 




Date  2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
10/15/2019 0.24 0.27 0.23 0.29 0.25 0.26 0.18 0.12 0.2 
10/16/2019 0.26 0.28 0.23 0.32 0.27 0.3 0.19 0.13 0.21 
10/17/2019 0.31 0.3 0.25 0.38 0.31 0.39 0.22 0.16 0.24 
10/18/2019 0.28 0.3 0.24 0.35 0.28 0.35 0.21 0.14 0.22 
10/19/2019 0.26 0.3 0.23 0.32 0.27 0.31 0.2 0.13 0.21 
10/20/2019 0.25 0.29 0.23 0.31 0.26 0.3 0.19 0.13 0.2 
10/21/2019 0.24 0.28 0.23 0.3 0.26 0.28 0.19 0.13 0.21 
10/22/2019 0.26 0.28 0.23 0.32 0.26 0.3 0.19 0.13 0.21 
10/23/2019 0.34 0.32 0.27 0.4 0.32 0.43 0.25 0.18 0.2 
10/24/2019 0.28 0.31 0.24 0.35 0.28 0.33 0.21 0.15 0.2 
10/25/2019 0.26 0.29 0.24 0.32 0.27 0.31 0.2 0.13 0.2 
10/26/2019 0.26 0.29 0.24 0.32 0.27 0.31 0.2 0.13 0.27 
10/27/2019 0.29 0.3 0.24 0.37 0.29 0.33 0.21 0.15 0.23 
10/28/2019 0.27 0.3 0.23 0.34 0.27 0.31 0.21 0.14 0.22 
10/29/2019 0.25 0.29 0.23 0.31 0.26 0.3 0.2 0.13 0.18 
10/30/2019 0.25 0.28 0.23 0.3 0.26 0.29 0.19 0.13 0.18 
10/31/2019 0.29 0.3 0.24 0.37 0.29 0.34 0.21 0.14 0.18 
11/1/2019 0.29 0.31 0.24 0.36 0.29 0.34 0.22 0.15 0.18 
11/2/2019 0.26 0.3 0.23 0.33 0.27 0.32 0.2 0.13 0.18 
11/3/2019 0.25 0.29 0.23 0.32 0.26 0.31 0.19 0.13 NA 
11/4/2019 0.25 0.29 0.23 0.31 0.26 0.3 0.19 0.12 NA 
11/5/2019 0.25 0.28 0.23 0.31 0.26 0.3 0.18 0.12 NA 
11/6/2019 0.33 0.33 0.26 0.4 0.32 0.41 0.24 0.17 NA 
 
Table 34: Daily mean soil moisture (m3/m3) for soil mix 3 columns 
Date 3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
6/1/2019 0.16 0.15 0.18 0.19 0.21 0.2 0.12 0.1 0.16 
6/2/2019 0.16 0.15 0.17 0.19 0.21 0.2 0.12 0.11 0.16 
6/3/2019 0.15 0.14 0.17 0.17 0.2 0.18 0.11 0.1 0.15 
6/4/2019 0.15 0.14 0.16 0.16 0.19 0.17 0.11 0.1 0.15 
6/5/2019 0.15 0.14 0.16 0.17 0.19 0.17 0.1 0.1 0.14 
6/6/2019 0.16 0.15 0.17 0.2 0.21 0.2 0.12 0.11 0.15 
6/7/2019 0.17 0.15 0.18 0.22 0.22 0.22 0.13 0.11 0.16 
6/8/2019 0.16 0.15 0.18 0.19 0.21 0.2 0.12 0.11 0.15 
6/9/2019 0.15 0.14 0.17 0.17 0.19 0.17 0.11 0.1 0.14 
6/10/2019 0.15 0.14 0.16 0.16 0.19 0.17 0.11 0.1 0.13 




Date 3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
6/12/2019 0.15 0.14 0.16 0.16 0.19 0.17 0.11 0.1 0.14 
6/13/2019 0.15 0.14 0.16 0.16 0.19 0.17 0.1 0.1 0.13 
6/14/2019 0.21 0.18 0.21 0.29 0.25 0.29 0.14 0.12 0.18 
6/15/2019 0.17 0.15 0.19 0.2 0.22 0.22 0.13 0.11 0.16 
6/16/2019 0.18 0.16 0.18 0.23 0.22 0.22 0.13 0.11 0.17 
6/17/2019 0.17 0.15 0.18 0.2 0.21 0.2 0.12 0.11 0.16 
6/18/2019 0.16 0.14 0.17 0.17 0.2 0.18 0.12 0.1 0.14 
6/19/2019 0.2 0.17 0.2 0.28 0.24 0.27 0.17 0.12 0.19 
6/20/2019 0.19 0.16 0.2 0.26 0.24 0.25 0.16 0.12 0.19 
6/21/2019 0.17 0.15 0.18 0.21 0.22 0.22 0.14 0.11 0.17 
6/22/2019 0.16 0.14 0.17 0.18 0.2 0.19 0.13 0.1 0.15 
6/23/2019 0.15 0.14 0.17 0.16 0.19 0.17 0.12 0.1 0.14 
6/24/2019 0.15 0.14 0.17 0.16 0.18 0.17 0.12 0.1 0.13 
6/25/2019 0.15 0.14 0.16 0.16 0.18 0.16 0.11 0.1 0.13 
6/26/2019 0.14 0.14 0.16 0.15 0.18 0.16 0.11 0.1 0.13 
6/27/2019 0.19 0.17 0.21 0.28 0.24 0.27 0.17 0.13 0.19 
6/28/2019 0.17 0.15 0.19 0.2 0.21 0.21 0.15 0.11 0.16 
6/29/2019 0.15 0.14 0.17 0.17 0.19 0.18 0.13 0.1 0.14 
6/30/2019 0.15 0.14 0.16 0.16 0.19 0.17 0.12 0.1 0.13 
7/1/2019 0.14 0.14 0.16 0.15 0.18 0.16 0.12 0.1 0.13 
7/2/2019 0.14 0.14 0.16 0.15 0.18 0.16 0.11 0.1 0.12 
7/3/2019 0.14 0.13 0.16 0.15 0.17 0.16 0.11 0.09 0.12 
7/4/2019 0.14 0.14 0.16 0.15 0.17 0.16 0.11 0.09 0.13 
7/5/2019 0.14 0.14 0.16 0.15 0.17 0.16 0.11 0.09 0.13 
7/6/2019 0.15 0.14 0.16 0.17 0.18 0.16 0.13 0.1 0.14 
7/7/2019 0.15 0.14 0.16 0.18 0.2 0.18 0.15 0.11 0.16 
7/8/2019 0.14 0.13 0.16 0.16 0.19 0.17 0.13 0.1 0.14 
7/9/2019 0.14 0.13 0.16 0.15 0.18 0.16 0.12 0.1 0.14 
7/10/2019 0.14 0.13 0.16 0.15 0.18 0.16 0.12 0.1 0.13 
7/11/2019 0.14 0.13 0.16 0.15 0.17 0.16 0.11 0.1 0.13 
7/12/2019 0.14 0.13 0.15 0.14 0.17 0.15 0.11 0.09 0.13 
7/13/2019 0.14 0.13 0.15 0.15 0.17 0.15 0.11 0.09 0.13 
7/14/2019 0.13 0.13 0.15 0.15 0.17 0.15 0.11 0.09 0.12 
7/15/2019 0.13 0.13 0.15 0.14 0.17 0.15 0.11 0.09 0.12 
7/16/2019 0.16 0.15 0.17 0.19 0.2 0.2 0.13 0.1 0.15 
7/17/2019 0.18 0.16 0.18 0.22 0.22 0.23 0.16 0.12 0.18 
7/18/2019 0.16 0.14 0.17 0.18 0.2 0.2 0.14 0.11 0.16 
7/19/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.13 0.1 0.15 




Date 3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
7/21/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
7/22/2019 0.15 0.14 0.16 0.18 0.19 0.18 0.13 0.1 0.15 
7/23/2019 0.15 0.14 0.16 0.18 0.2 0.2 0.14 0.11 0.16 
7/24/2019 0.15 0.14 0.16 0.16 0.19 0.18 0.13 0.1 0.15 
7/25/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
7/26/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
7/27/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.14 0.1 0.15 
7/28/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
7/29/2019 0.14 0.14 0.16 0.15 0.18 0.17 0.12 0.1 0.13 
7/30/2019 0.15 0.14 0.16 0.18 0.19 0.18 0.13 0.1 0.14 
7/31/2019 0.16 0.14 0.17 0.2 0.21 0.21 0.16 0.11 0.16 
8/1/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.14 0.1 0.15 
8/2/2019 0.17 0.16 0.19 0.24 0.22 0.25 0.17 0.12 0.18 
8/3/2019 0.16 0.15 0.17 0.18 0.2 0.21 0.15 0.11 0.16 
8/4/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.13 0.1 0.14 
8/5/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
8/6/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.13 
8/7/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.13 0.1 0.15 
8/8/2019 0.17 0.17 0.19 0.25 0.22 0.26 0.16 0.12 0.18 
8/9/2019 0.16 0.15 0.18 0.19 0.2 0.21 0.14 0.11 0.16 
8/10/2019 0.15 0.14 0.17 0.17 0.19 0.19 0.13 0.11 0.15 
8/11/2019 0.15 0.14 0.16 0.16 0.19 0.18 0.13 0.1 0.14 
8/12/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
8/13/2019 0.14 0.14 0.16 0.15 0.18 0.17 0.12 0.1 0.14 
8/14/2019 0.14 0.14 0.16 0.15 0.18 0.17 0.12 0.1 0.13 
8/15/2019 0.14 0.14 0.16 0.15 0.17 0.16 0.12 0.1 0.13 
8/16/2019 0.15 0.14 0.16 0.18 0.18 0.18 0.13 0.1 0.13 
8/17/2019 0.17 0.15 0.18 0.24 0.22 0.24 0.17 0.12 0.17 
8/18/2019 0.16 0.14 0.17 0.22 0.21 0.23 0.16 0.11 0.17 
8/19/2019 0.16 0.14 0.17 0.19 0.2 0.21 0.15 0.11 0.16 
8/20/2019 0.15 0.14 0.16 0.17 0.19 0.19 0.14 0.11 0.15 
8/21/2019 0.17 0.15 0.17 0.24 0.21 0.22 0.16 0.11 0.17 
8/22/2019 0.16 0.14 0.17 0.19 0.2 0.2 0.15 0.11 0.16 
8/23/2019 0.15 0.14 0.16 0.17 0.19 0.18 0.14 0.1 0.14 
8/24/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
8/25/2019 0.14 0.14 0.16 0.15 0.18 0.17 0.13 0.1 0.13 
8/26/2019 0.14 0.14 0.16 0.15 0.18 0.17 0.12 0.1 0.13 
8/27/2019 0.14 0.14 0.16 0.15 0.17 0.16 0.12 0.1 0.13 




Date 3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
8/29/2019 0.16 0.14 0.17 0.2 0.2 0.22 0.15 0.11 0.16 
8/30/2019 0.15 0.14 0.16 0.17 0.19 0.19 0.14 0.11 0.15 
8/31/2019 0.15 0.14 0.16 0.16 0.18 0.18 0.13 0.1 0.14 
9/1/2019 0.14 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
9/2/2019 0.17 0.15 0.18 0.26 0.23 0.27 0.17 0.12 0.18 
9/3/2019 0.16 0.14 0.17 0.19 0.2 0.21 0.15 0.11 0.16 
9/4/2019 0.16 0.14 0.17 0.18 0.2 0.21 0.14 0.11 0.16 
9/5/2019 0.19 0.16 0.19 0.26 0.22 0.28 0.18 0.14 0.2 
9/6/2019 0.17 0.15 0.18 0.2 0.2 0.22 0.15 0.12 0.17 
9/7/2019 0.16 0.14 0.17 0.17 0.19 0.2 0.14 0.11 0.15 
9/8/2019 0.16 0.14 0.16 0.17 0.18 0.18 0.13 0.11 0.14 
9/9/2019 0.15 0.14 0.16 0.16 0.18 0.18 0.13 0.1 0.14 
9/10/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.13 0.1 0.14 
9/11/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
9/12/2019 0.19 0.17 0.2 0.27 0.22 0.28 0.18 0.14 0.2 
9/13/2019 0.17 0.15 0.18 0.21 0.2 0.24 0.16 0.12 0.17 
9/14/2019 0.16 0.14 0.17 0.18 0.19 0.2 0.14 0.11 0.15 
9/15/2019 0.16 0.14 0.16 0.17 0.19 0.19 0.13 0.11 0.14 
9/16/2019 0.16 0.14 0.16 0.17 0.19 0.19 0.13 0.11 0.14 
9/17/2019 0.16 0.14 0.16 0.16 0.18 0.18 0.13 0.11 0.15 
9/18/2019 0.15 0.14 0.16 0.16 0.18 0.18 0.13 0.1 0.14 
9/19/2019 0.15 0.14 0.16 0.15 0.18 0.17 0.12 0.1 0.14 
9/20/2019 0.15 0.14 0.16 0.15 0.17 0.17 0.12 0.1 0.13 
9/21/2019 0.15 0.14 0.16 0.15 0.17 0.17 0.12 0.1 0.13 
9/22/2019 0.15 0.14 0.16 0.15 0.17 0.17 0.12 0.1 0.13 
9/23/2019 0.15 0.14 0.16 0.15 0.17 0.16 0.12 0.1 0.13 
9/24/2019 0.16 0.14 0.16 0.17 0.19 0.17 0.12 0.1 0.14 
9/25/2019 0.16 0.14 0.16 0.16 0.19 0.18 0.13 0.11 0.14 
9/26/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
9/27/2019 0.16 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
9/28/2019 0.15 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
9/29/2019 0.16 0.14 0.16 0.16 0.19 0.18 0.13 0.11 0.14 
9/30/2019 0.16 0.14 0.16 0.16 0.18 0.18 0.13 0.1 0.14 
10/1/2019 0.16 0.14 0.16 0.16 0.18 0.17 0.12 0.1 0.14 
10/2/2019 0.17 0.14 0.16 0.2 0.21 0.25 0.15 0.11 0.17 
10/3/2019 0.17 0.14 0.16 0.21 0.21 0.25 0.16 0.11 0.18 
10/4/2019 0.17 0.14 0.16 0.21 0.2 0.25 0.16 0.11 0.18 
10/5/2019 0.16 0.14 0.16 0.18 0.19 0.21 0.14 0.11 0.16 




Date 3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
10/7/2019 0.19 0.15 0.18 0.3 0.22 0.3 0.2 0.12 0.2 
10/8/2019 0.17 0.14 0.17 0.2 0.2 0.23 0.16 0.11 0.17 
10/9/2019 0.21 0.17 0.2 0.28 0.23 0.31 0.21 0.15 0.21 
10/10/2019 0.19 0.15 0.19 0.22 0.21 0.26 0.16 0.12 0.18 
10/11/2019 0.18 0.15 0.17 0.18 0.19 0.21 0.14 0.11 0.16 
10/12/2019 0.17 0.14 0.17 0.17 0.19 0.2 0.13 0.11 0.15 
10/13/2019 0.17 0.14 0.17 0.17 0.19 0.2 0.13 0.11 0.15 
10/14/2019 0.17 0.14 0.16 0.16 0.19 0.19 0.13 0.11 0.15 
10/15/2019 0.17 0.14 0.16 0.16 0.18 0.18 0.13 0.11 0.14 
10/16/2019 0.18 0.15 0.17 0.2 0.2 0.22 0.14 0.11 0.16 
10/17/2019 0.2 0.16 0.18 0.3 0.23 0.3 0.18 0.13 0.2 
10/18/2019 0.19 0.15 0.18 0.22 0.21 0.25 0.16 0.12 0.17 
10/19/2019 0.18 0.14 0.17 0.19 0.2 0.22 0.15 0.11 0.16 
10/20/2019 0.17 0.14 0.17 0.17 0.19 0.21 0.14 0.11 0.15 
10/21/2019 0.17 0.14 0.17 0.17 0.19 0.2 0.14 0.11 0.16 
10/22/2019 0.18 0.14 0.17 0.18 0.2 0.21 0.14 0.11 0.16 
10/23/2019 0.23 0.18 0.21 0.33 0.25 0.33 0.14 0.11 0.15 
10/24/2019 0.19 0.15 0.19 0.22 0.21 0.26 0.13 0.11 0.15 
10/25/2019 0.18 0.15 0.17 0.19 0.2 0.22 0.13 0.11 0.15 
10/26/2019 0.18 0.15 0.17 0.18 0.2 0.21 0.23 0.17 0.25 
10/27/2019 0.19 0.16 0.18 0.25 0.22 0.26 0.17 0.12 0.19 
10/28/2019 0.19 0.15 0.17 0.21 0.21 0.24 0.16 0.12 0.18 
10/29/2019 0.18 0.15 0.17 0.18 0.2 0.21 0.13 0.11 0.15 
10/30/2019 0.17 0.14 0.17 0.17 0.19 0.2 0.13 0.11 0.14 
10/31/2019 0.2 0.16 0.18 0.25 0.22 0.26 0.13 0.1 0.14 
11/1/2019 0.2 0.15 0.18 0.25 0.22 0.27 0.13 0.1 0.14 
11/2/2019 0.18 0.15 0.17 0.19 0.2 0.22 0.13 0.1 0.14 
11/3/2019 0.18 0.14 0.17 0.18 0.19 0.21 NA NA NA 
11/4/2019 0.18 0.14 0.17 0.17 0.19 0.2 NA NA NA 
11/5/2019 0.18 0.15 0.17 0.17 0.19 0.2 NA NA NA 




Geoff Golick, E.I.T. 
2 Reed St. Marcellus, NY 13108 | 315-406-5530 | glgolick@syr.edu 
Education: 
SUNY College of Environmental Science and Forestry Syracuse, NY 
B.S. in Environmental Resources Engineering, Magna Cum Laude (GPA: 3.75)  May 2018 
• Mathematics Minor  
M.S. in Environmental Resources Engineering (GPA: 3.54) May 2020 
• Research Topic: Pollutant Removal Performance of a Biofiltration Soil Medium 
• Studied the effects of soil organic matter content and hydraulic residence time (depth) on the 
removal efficiency of nutrients and heavy metals from a synthetic stormwater 
• First Place Poster Presentation at 2020 NYWEA Annual Meeting 
Other Projects: 
• Surveyed a building on campus using a total station and differential leveling techniques to 
create a map of the traverse in AutoCAD.  
• Created a model for a flood frequency analysis of a local creek based on historical data, while 
also incorporating the added effects of climate change.  Presented as a power point, poster, 
and written report for senior capstone. 
Work Experience: 
Teaching Assistant and Research Assistant – SUNY-ESF June 2018 – present 
• Worked with major professor (a Professional Engineer) on Master’s research topic and 
experiment 
• Teaching Assistant for 4 courses  
o Engineering Decision Analysis (Engineering Economics) 
o Engineering Project and Design (Senior Capstone course) 
o Stormwater Management 
o Environmental Soil Physics 
• Part of a four-member search committee along with three professors to find a suitable 
candidate for a new Environmental Resources Engineering faculty member 
Intern – Covanta Onondaga, LLC, Syracuse NY April 2018 – July 2018 
• Assisted the environmental engineer in day-to-day tasks around the plant, as well as quarterly 
tasks such as ash testing and stack testing 
• Prepared package of plant refurbishments to appeal for National Grid rebates 
Intern – Onsite Engineering, PLLC, Syracuse NY May 2017 – August 2017 
• Worked under Professional Engineer to design Onsite Wastewater Treatment Systems; 
• Sized pumps and leach fields, drew design layouts, wrote OWTS specifications, performed 
OWTS inspections and percolation tests, and investigated soils on site 
Involvement and Interests: 
Captain of the SUNY-ESF men’s soccer team August 2014 – November 2018 
Member of SUNY-ESF Environmental Resources Engineering Club September 2014 – present 
Member of Air and Waste Management Association (AWMA) Syracuse  April 2017 – present 
Young Professional (YP) Member of NYWEA April 2017 – present 
Skills: 
Proficient using surveying field equipment including total stations, levels, and GPS receivers 
Experienced programming in Python, R, and SAS coding languages 
Proficient with soil physics and geotechnical engineering laboratory instrumentation 
Experience in an analytical chemistry laboratory, used equipment such as ICP-OES 
Experienced using software such as AutoCAD, MathCAD, ArcMap, HEC-RAS, Hydrus, and Win TR-55 
